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Isospin violation in the pN system at low energies

E. Matsinos*
Institute for Particle Physics, ETH Zurich, CH-5232 Villigen PSI, Switzerland

~Received 6 June 1997!

The low-energypN interaction is investigated with the use of a relativistic isospin-symmetricpN model
based on scalar-isoscalar and vector-isovector exchanges in thet channel, and the nucleon andD-isobar
contributions in thes andu channels; the small contributions from the well-establisheds andp 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 all~recentandold! pN measurements between~pion 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 thepN system.@S0556-2813~97!03212-3#

PACS number~s!: 13.75.Gx, 11.30.Hv, 25.80.Dj
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I. INTRODUCTION

The construction of the three meson factories~LAMPF,
PSI, and TRIUMF! inaugurated a new era in the experime
tal and theoretical investigation of the pion-nucleon (pN)
system. The existence of an abundance of measurem
now permits one to delve into the question of the low-ene
structure of the theory of the strong interactions, i.e., of
quantum chromodynamics~QCD!; one of the principle fea-
tures of QCD is that chiral and isospin symmetry are alm
exact properties of its Lagrangian.

The quark masses are free parameters in QCD; at
energies, only the light~u andd! quarks are important. The
amount of breaking of isospin symmetry in the strong int
action is expected to lead to a precise determination of
light-quark masses@1#.

The usefulness of an analysis of the low-energy~pion
laboratory kinetic energyTp<100 MeV! pN data in this
context is twofold. ~a! At low energies, QCD is highly non
perturbative. Due to this reason, an effective-field appro
~respecting the properties of the QCD Lagrangian! has been
put forward~for a recent review, see Refs.@1#! to account for
the ~low-energy! hadronic phenomena; the chiral-pertu
bation theory~xPT!. The lower the energy is, the betterxPT
is expected to work~the effective Lagrangian is expanded
a Taylor series in the momenta involved!. The physical
quantities, describing the interaction at low energies, s
now to become accessible to calculations performed wi
the framework ofxPT, e.g., see Ref.@2#. ~b! The lower the
energy is, the more important the isospin-breaking effects
expected to become. This is due to the fact that the~kinetic!
energies, associated with the interaction, become then c
parable to the difference of the masses of theu andd quarks.

The advantages of anexclusiveanalysis of the low-energy
pN data originate from the simplicity of the interaction the
@3#; the contributions from the higher resonances~that is,
other than theD33! are small, the inelasticities are negligibl
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the higher partial waves~i.e., other thans and p! are tiny,
and, finally, there is no need for the introduction of for
factors.

It was shown in Ref.@3# that a relativistic isospin-
symmetric model consisting of scalar-isoscalar and vec
isovectort-channel exchanges, along with the nucleon a
the D-isobars- and u-channel graphs could account for th
pN phase shifts~at least! up to the energy of theD33 reso-
nance. The model also provided a method for the determ
tion of the relevant low-energy hadronic constants; in t
work, the parameter values were obtained from fits to
Karlsruhe-Helsinki~KH80! phase-shift solution@4#, which is
~almost exclusively! based on measurements conducted
the pre-meson-factory era.

In the present work, the principle aim is the investigati
of the isospin symmetry of the strong interaction in thepN
system at low energies. This goal will be achieved in t
following two steps.

~a! The internal consistency of the data in the three lo
energy experimentally accessiblepN channels, i.e., the two
elastic-scattering processes (p6p) and the single-charge
exchange~SCX! reaction (p2p→p0n), will be investi-
gated. Each of these reactions will be analyzedseparately.
Robust statistics will be implemented in the problem. W
the exception of a few measurements which~almost entirely!
pertain to thep1p set, the internal consistency of the da
base will be proven.

~b! The hadronic amplitudes obtained at step~a! ~as well
as the one obtained from a combined analysis of the m
surements in the two elastic-scattering channels! will be
compared. The principle of isospin symmetry imposes a s
cific restriction to these amplitudes~e.g., see the Appendix
part 1!, the fulfillment of which will be examined.

II. THE pN MODEL

The extended tree-level model of Ref.@3# exploits an im-
portant feature of thepN dynamics, i.e.,the weakness of the
interaction at low energies. Herein, it has been generalize
with the inclusion of the derivative coupling of the scala
3014 © 1997 The American Physical Society
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56 3015ISOSPIN VIOLATION IN THE pN SYSTEM AT LOW . . .
isoscalar to the pion field. The interaction Lagrangian, c
responding to thepps vertex, takes the form

DLsp52gppsmpp•pf1
hpps

mp
]mp•]mpf. ~1!

The ratio of the two coupling constants is denoted byks

(5hpps /gpps). Exempting the newly added coupling, a
details about the model may be found in Ref.@3#. The ~es-
sential! contributions to thepN scattering amplitude are
shown~in the form of Feynman diagrams! in Figs. 1. Four
partial waves~s, p, d, and f ! have been considered herei
in the energy region assumed in the present analysis, only
s- andp-wave contributions are important.

The model parameters~to be determined from thepN
data! are the following:

~a! Gs and ks , relating to the scalar-isoscalart-channel
exchange,

~b! Gr ~defined asGr
(V) in Ref. @3#! andkr ~defined ask

in Ref. @3#!, relating to the vector-isovectort-channel ex-
change,

~c! gpNN andx, respectively, denoting thepNN coupling
constant and the pseudoscalar admixture in thepNN vertex,
and

~d! gpND andZ, the former denoting thepND coupling
constant, the latter being associated with the spin-1/2 adm
ture in theD-isobar field.

FIG. 1. ~a! The t-channel scalar-isoscalar exchange,~b! the
t-channel vector-isovector exchange,~c! the s- and u-channel
graphs with a nucleon in the intermediate state, and~d! the s- and
u-channel graphs with aD isobar in the intermediate state.
-

he

x-

All other physical constants have been fixed at the val
recommended by the particle data group@5#. mp was fixed at
the charged-pion mass. For reasons of compatibility with
method incorporating the electromagnetic corrections~see
Sec. IV A!, the proton massm is assigned to the nucleon
The range of the scalar-isoscalar interactionms was obtained
from pp phase shifts;1 ms5860 MeV/c2 @6#. The small con-
tributions from the well-established~four-star! s and p
higher ~baryon! resonances~with masses up to 2 GeV/c2!
have also been taken into account; the states considered
P11(1440), S11(1535), S11(1650), P13(1720), S31(1620),
andP31(1910). The higher resonances do not introduce a
free parameters.

The pN model, thus constructed, contains the exchan
of I 5J50 andI 5J51 mesons in thet channel, and all the
well-established intermediate states below 2 GeV/c2 in thes
and u channels. Possible contributions from higher res
nances, other than the ones considered herein, are bou
be negligible.

III. THE EXPERIMENTAL DATA

The low-energypN data base consists of measureme
in three reaction channels, i.e., in the two elastic-scatte
processes and in the SCX channel. Measured are the fol
ing physical quantities:

~a! Differential cross sectionsds/dV.
~b! Partial-total cross sectionsspt : Determined is the per-

centage of the projectiles~pions!, scattered between a min
mal laboratory scattering angleuL

min and 180°. Since the de
termination of the beam attenuation involves the detection
a charged pion in the final state, the total SCX cross sec
is almost entirely included in thep2pspt measurements.

~c! Total nuclear cross sectionss t : The raw partial-total
cross sections~for several values ofuL

min! are first corrected
for major electromagnetic effects~the contributions of the
Coulomb peak and the Coulomb-nuclear interference!; s t is
defined as the extrapolated value touL

min50°.
~d! Polarization or analyzing powerA: Differential cross

sections on polarized targets are measured; the observab
defined as the asymmetry ratio~difference in the spin-up and
spin-down results divided by their sum!.

In the present analysis, included in the data base areall2

publishedpN experimental data~737 data points! between
20 and 100 MeV. The low-energy limit, assumed herein
dictated by the applicability region of the algorithm incorp
rating the electromagnetic corrections. Thep2p partial-total
and total nuclear cross sections~nine entries in the energy
interval under consideration! have to be excluded, becaus
they contain the~larger! total SCX cross section~thus, min-
gling properties of two reaction channels!. Let us now
come to a short description of the individual data sets co
prising the data base.

1The whole analysis was repeated withms fixed at 600 MeV/c2.
The changes, thus induced in the results, were found to be in
nificant.

2Only the six measurements ofds/dV of Ref. @7#, which have
been taken close to 100 MeV, were excluded; they have not
peared in a form permitting their~straightforward! inclusion.
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3016 56E. MATSINOS
A. The data in the elastic-scattering channels

ds/dV: The data base consists of the recent meas
ments ~Refs. @8–15#!, the data of Bertinet al. @16#, Auld
et al. @17#, and Ritchieet al. @18#. In order to treat all data
sets at the same footing, the individual contributions to
normalization uncertainty in the measurements of Ref.@11#
were summed quadratically@19#.

spt : Data on thespt were published in Ref.@20#. Subse-
quently, the two lowest-energy entries were withdrawn@21#
and the results of a reanalysis, including the effects o
beam-energy calibration at TRIUMF, became available
cently@22#; herein, the values of Ref.@22# are used. The very
recent measurements from LAMPF@23# have also been in
cluded.

s t : Included are the data of Carteret al. @24# and Pedroni
et al. @25#.

Analyzing power: The data base comprises the rec
measurements of Ref.@26# ~at 68.34 MeV!, and the measure
ments of Refs.@27# and @28# ~at 98 MeV!.

B. The data in the SCX channel

Measurements ofds/dV have been published in Re
@29#; they have been taken in the region of the~s- and
p-wave! destructive-interference dip. Past measurement
ds/dV at 180° were published in Ref.@30#. The first three
coefficients in the expansion ofds/dV in a Legendre series
have been obtained at six energies in Refs.@31# and @32#.
The earlier measurement@33# of s t at 90.9 MeV and the four
measurements of the analyzing power at 100 MeV fr
TRIUMF @34# have also been included in the data base.

Unfortunately, no results from the reanalysis of older e
perimental data~of ds/dV!, taken at LAMPF~experiment
code number: 882!, are yet available@35#. Some additional
measurements ofds/dV ~also from LAMPF! at 27.5 MeV
are in a nearly-final state@36#. These values are expected
appear soon.

IV. THE ANALYSIS

A. The method

Followed is theK-matrix formalism @3#. The K-matrix
elements, obtained from the diagrams of Figs. 1~also adding
the small contributions from thes- and u-channel graphs
with the higher resonances in the intermediate state!, are re-
lated to the corresponding hadronic phase shiftsda(e) via
the equation

k cot„da~e!…5Ka
21~e!, ~2!

where the indexa stands for the total isospin, orbital, an
total angular momentum of the particular channel;k and e
denote the pion center-of-mass~c.m.! momentum and kinetic
energy, respectively.

From the hadronic phase shifts to the level of thepN
observables, the NORDITA algorithm has been strictly f
lowed @37#. The corrections to the phase shifts and t
~small! inelasticities have been obtained from the tabula
values of Refs.@37# via simple interpolations. The hadron
phase shiftsda(e), obtained from theK-matrix elements of
the model via Eq.~2!, lead to the~so-called! nuclear phase
e-

e

a
-

nt

of

-

-
e
d

shifts da
N(e). The nuclear phase shifts are used to constr

the ~partial-wave! nuclear amplitudes~the Coulomb phase
shifts are also taken into account!. Finally, the spin-non-flip
(G) and the spin-flip (H) amplitudes are obtained~after the
pure Coulomb contributions are added!; all the interesting
physical quantities~differential cross sections, partial-tota
and total nuclear cross sections, analyzing powers, and s
rotation parameters! may be easily determined in terms o
these amplitudes~e.g., see Refs.@37# and @3#!.

The pN scattering amplitude, constructed on the basis
the model, obeys the first principles of unitarity, analyticity3

Lorentz invariance, and crossing symmetry. In the contex
the aim of the present work, the advantages of the meth
implemented herein, over the~traditionally used! dispersion-
relation schemes are important.

~a! The values of the model parameters are obtained fr
low-energy data exclusively.

~b! Separate analyses of the experimental data in an
the three reaction channels are possible.

~c! The attribution of uncertainties to the important qua
tities in this analysis is straightforward.

B. The modeling of the data

Inconsistencies among the low-energypN experimental
data have been discussed extensively over the past y
@38#; they may be classified into two categories.

~a! True discrepancies, involving measurements inone
reaction channel and taken at similar kinematical conditio
Of course, the relevant question here is: Which of the two~or
more! experiments is~are! correct?Robust statistics@39# can
provide the answer to this question; the outliers~discrepant
measurements! are easily detected on the basis of their d
viation from thebulk of the data.

~b! Spurious discrepancies, involving experimental data
different reaction channels. Such effects may be physica
the assumptions, underlying the data analysis~e.g., isospin
symmetry!, are not valid.

In the present work, a~maximum likelihood! local M es-
timator, which emerges~in a natural way! from the features
of the experimental data, will be used. Let us introduce
variablez ~normalized residual!, defined for thei th entry of
a series ofN measurements as

3It was recently stated by G. Ho¨hler that a tree-level model canno
fully reproduce the properties ofpN amplitude in the unphysica
region. The remark relates to the cusp effect att54mp

2 ~t is the
standard Mandelstam variable!; indeed, thepN amplitude, con-
structed on the basis of the present model, is a smooth functio
two kinematical variables. However, fitting the model to the KH
phase-shift solution@4#, one obtains a value for thepN S term
~tree-level approximation! which is very close to what R. Koch
extracted in 1982 based on thesamephase shifts and using dispe
sion relations ~in which the cusp effect is contained!; 62.5
65.5 MeV as compared to his 6468 MeV, e.g., see Ref.@3#. This
fact might serve as an indication that the cusp effect in the unph
cal region does not substantially modify the extrapolation to
Cheng-Dashen point; its influence in the physical region~which lies
further away fromt54mp

2 ! is expected to be negligible.
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56 3017ISOSPIN VIOLATION IN THE pN SYSTEM AT LOW . . .
zi5
yi2yi

exp

dyi
exp , ~3!

whereyi is the optimal value estimated on the basis of
parametric model,yi

exp denotes the measured value, a
dyi

exp is the uncertainty of the measurement. In a statist
analysis, the distribution ofz„c(z)… for the measurement
involved is of great importance. Under the assumption t
the measurements are independent, the joint probability d
sity function takes the form

F~p!5)
i 51

N

c~zi !, ~4!

p denoting the parameter vector to be optimized. Sough
the maximization ofF~p! or ~equivalently! of its natural
logarithm

ln F~p!5(
i 51

N

ln c~zi !. ~5!

It is easy to verify that ifz is normally distributed~as ex-
pected from the laws of statistics, i.e., from the central-lim
theorem!, then maximizing lnF~p! is equivalent to minimiz-
ing the standardx2 function (5( i 51

N zi
2). However, in the

case of the low-energypN measurements,z was found to
follow a Cauchy distribution~see Fig. 2!,

c~z!;
1

11z2 , ~6!

dictating the minimization of the function

MF5(
i 51

N

ln~11zi
2!. ~7!

At this point, one has to remark that there is no theoretica
justified reason that the distribution ofz should be a Lorent-
zian instead of a Gaussian; the deviation from the Gaus
distribution signifies either an insufficient parametric mod
or experimental flaws. It is also important to note that t
distribution ofz and the choice of the minimization functio
are, in principle, linked@i.e., if c(z) is a Lorentzian, then one
should not minimize ax2 function4#. In reality, however, the
more robust a method is, the less crucial the choice of
exact form of the estimator becomes@39#, e.g., there is no
danger in applying a robust technique in the modeling
data with normally distributedz. In the present analysis, th
standard MINUIT routines@40# of the CERN library have
been used throughout the optimization phase.

One word about the uncertainties in the experimental v
ues is prompt.The uncertaintydyi

exp, appearing in Eq. (3),
should, in principle, be the random uncertainty of the i
entry. However, the uncertainties, relating to the majority
the old experiments, correspond to the quadratic combina
of random and systematic effects; the information about

4Exceptions mark the domain of applicability of the Gaus
Markov theorem.
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breakdown of the two components is lost, thus, disabling
elaborate statistical analysis of Ref.@41# ~which was recently
carried out for the case of the meson-factoryp1p
differential-cross-section measurements!. In order to avoid
the introduction of bias in the present work, random a
systematic uncertainties were combined~quadratically! for
all entries. It is true, of course, that the entries in one p
ticular data set are all subject to the same treatment un
normalization~i.e., all have to be scaled upwards or dow
wards by the same amount in order to meet the optimal
lution!. However, a reasonable assumption might be that
effects of the normalization cancel out for a large number
data sets, especially so provided the diversity of the exp
mental techniques, groups, places, and times. In other wo
the systematic uncertainties should behave like random
certainties for a large number of independent experimen

C. The determination of the pN amplitudes

Two isospin-breaking processes in thepN system have,
up to now, been considered in the literature~Refs.@42–44#!;
they are based on ther0-v and h-p0 mixing mechanisms.
Both are put to work in the vector-isovectort-channel graph,
the latter one also affects thes andu channels. In both cases
the scalar-isoscalar interaction is unaffected, thus, enabling
the extraction of the three relevantpN hadronic amplitudes
f p1p(e), f p2p(e), and f SCX(e) ~for details, see the Appen
dix, part 1! with the implementation of the following strat
egy.

~a! Fits to thep2p scattering data are carried out varyin
Gr between 30 and 60 GeV22 ~a step of 5 GeV22 having
been assumed!; this interval corresponds to the extreme va
ues found in the literature~e.g., see Ref.@3#!. Thep2p scat-
tering amplitudef p2p(e) is constructed on the basis of 26
data points. The fits to the data involve the variation of sev
model parameters~i.e., all, except forGr!.

-

FIG. 2. The distribution ofz @see Eq.~3!# for the low-energy
pN measurements~used as input!. The best Cauchy~dashed curve!
and the best normal~dotted curve! fits are also shown.
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3018 56E. MATSINOS
~b! All attempts to obtain thep1p scattering amplitude
f p1p(e) from the data, following the procedure of case~a!,
failed; the corresponding error matrices were not posit
definite, thus, marking the results of the fits as unreliab
This failure is due to the fact that only one isospin amplitu
is present in thep1p channel; this results in high correla
tions among the model parameters. In order to enable a
able extraction off p1p(e), one or more model paramete
had to be fixed. On the basis of the fact that the sca
isoscalar interaction is unaffected by ther0-v and h-p0

mixing mechanisms, the two parametersGs and ks were
fixed, for each particularGr value, at the corresponding va
ues obtained from thep2p fits of case~a!. Fits to thep1p
scattering data were thus attempted for the sevenGr values
and thep1p scattering amplitudef p1p(e) was successfully
constructed from 428 data points. In thep1p case, the fits to
the data involve the variation of five model parameters
eachGr value.

~c! Fits to the SCX scattering data were also perform
for the sevenGr values. Since the scalar-isoscalar interact
cannot produce a neutral pion in the final state~starting from
a charged projectile!, the two parametersGs and ks were
fixed at zero. The SCX scattering amplitudef SCX(e) is con-
structed on the basis of 47 data points. The fits to the d
involve the variation of five model parameters for eachGr
value.

In all three cases~a!–~c!, healthy minima were obtained
Combined fits to the measurements in the two elas

scattering channels were also performed for the seven va
of Gr . In principle, one may blame any of the three react
channels for possible deviations from the principle of isos
symmetry. However, ther0-v and h-p0 mixing mecha-
nisms seem to be ‘‘biased’’ against the SCX channel; o
one diagram~see Refs.@43# and@44#! for isospin breaking in
the elastic-scattering channels has been put forwa5

whereas at least five graphs are potentially present in the
of the SCX channel. The simultaneous description of
data in the two elastic-scattering channels was achieved
the amplitudef p6p(e) was constructed on the basis of 69
data points. The fits to the data involve again the variation
seven model parameters~i.e., all, except forGr!. In every
case, a healthy minimum was obtained.

In all the above cases, equally good descriptions of
data are obtained for allGr values.

In the following, the model predictions for the variou
observables, amplitudes, etc., are determined via Mo
Carlo simulations, in which the results of the correspond
fits ~i.e., parameter values, errors, and the correlation ma
ces! are fully taken into account.

V. RESULTS AND DISCUSSION

A. Reproduction of the data

Shown in Figs. 3 are thez distributions corresponding to
the measurements in each of the three reaction channels;

5Provided that the assumptions of Ref.@44# about ther0-v dy-
namics are valid, the contributions from this mechanism to the
plitudes at threshold~zero kinetic energy of the incident pion! are
actually only abouthalf of what they are claimed to be in Ref.@44#
due to a conversion error.
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have been obtained from the results of the separate fits to
data@steps~a!–~c!, see previous section#. The composition of
the tails of these distributions, defined by the conditionuzu
.3, was investigated.

~a! p1p case: about 17% of the data occupy the tails
thez distribution. 61% of the BERTIN76 data@16# ~i.e., 58%
of all measurements satisfyinguzu.3!, along with the two
CARTER71 measurements@24#, populate the lower tail of
the distribution. The use of the data of Refs.@16# and@24# in
nonrobustoptimizations certainly leads to very precario
results. One-third~eight entries! of the BRACK86 data@9#
belong to the upper tail of thez distribution. It should also be
mentioned that two of the recent data sets~the BRACK90
66.8 MeV @12# and the JORAM95 32.7 MeV@14# measure-
ments! have a shape which is in sheer contradiction with
bulk of the measurements.

~b! p2p case: 5% of the data base~a total of 13 entries!
correspond to the tails of the distribution. The WIEDNER
data set@11# yields more than half of these points.

~c! SCX case: no entry satisfies the conditionuzu.3; the
SCX data base is internally consistent.

In retrospect, the following conclusions may be drawn
~a! The low-energypN data base becomes internally co

sistent in case that one rejects the true outliers which
present almost exclusively in thep1p channel.

~b! It may be easily deduced from Fig. 3~b! that, in the
case of the elasticp2p channel, the measurements can
~equally well! described by both a Cauchy and a norm
form. With the exception of a few measurements, thep2p
data base is internally consistent.

~c! Although a statistical analysis of the SCX measu
ments is impossible due to the smallness of the sample
outliers were seen in this channel@Fig. 3~c!#.

A thorough investigation of the reproduction of the inp
data may be found elsewhere@45#.

B. Isospin symmetry

Since the phase shifts vanish at thepN threshold, a more
useful representation of the reaction dynamics~close to
threshold! is achieved in terms of the low-energy form of th
pN scattering amplitude~see the Appendix, part 2!. The re-
sults for the real parts of the correspondings- and p-wave
isoscalar and isovector coefficients are shown in Fig. 4
three typical energies. The comparison of these value
based on the philosophy put forward in Refs.@46#. Provided
that isospin is a good symmetry in thepN system, then the
entire information, concerning the three low-energy react
channels, is contained insix ~energy-dependent! complex
functions@i.e., in the coefficientsb0(e),...,d1(e)#. In such a
case,~a! thep1p process provides~and is described by! the
combinations b0(e)1b1(e), c0(e)1c1(e), and d0(e)
1d1(e) ~in Fig. 4, the reaction is represented by the verti
bands!, ~b! the p2p process yields the combinationsb0(e)
2b1(e), c0(e)2c1(e), andd0(e)2d1(e) ~in Fig. 4, the re-
action is represented by the horizontal bands!, and ~c! the
SCX is directly related tob1(e), c1(e), andd1(e) ~in Fig. 4,
the reaction is represented by the diagonal bands!. At any
energy, the principle of isospin symmetry necessitate
common overlap of the three corresponding bands.

-
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FIG. 3. Thez distributions corresponding to the measurements in the three low-energy experimentally accessiblepN channels;~a! p1p,
~b! p2p, and~c! SCX data. They have been obtained from the results of the separate fits to the measurements. The best Cauch~dashed
curves! and normal~dotted curves! descriptions of the data are also shown. The dash-dotted lines mark the limits corresponding
condition uzu.3 ~see Sec. V A!.
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Figure 4 provides indications that the isospin symmetry
the strong interaction is broken in thepN system. As easily
seen in this figure, the bands, resulting from the sepa
analyses of the data in the three reaction channels, are
tively wide; unfortunately, an isospin-breaking effect cann
be established beyond doubt on the basis of their comp
son. It was found, however, that the combined fits to
elastic-scattering data lead to smaller uncertainties. Thi
understood on the basis of the following argumentation.
the case of the exclusivep2p analysis, both isospin ampli
tudes are present in the scattering and, thus, have to be
termined from single-channel data; the determination is
very precise due to their correlation~see the Appendix, par
1!. In a combined analysis of data in the two elast
scattering channels, the isospin-3

2 amplitude is~almost en-
f

te
la-
t
ri-
e
is
n

de-
t

-

tirely! fixed from thep1p reaction, leaving only the isospin
1
2 amplitude to be determined from thep2p data; thus, both
isospin amplitudes are accurately determined.

The results of the combined fits to the elastic-scatter
data are shown in Fig. 5 along with the results obtained fr
the SCX data. The lack of a common solution manifest
strong violation of isospin symmetry in thes-wave part of
the interaction. The relative difference in the real parts of
two s-wave amplitudes amounts to 6.461.4% ~average over
the three typical energies!. This is a clear and overwhelmin
evidence that isospin symmetry of the strong interaction
broken in thepN system around 50 MeV.

The sensitivity of this result to the existence of outlie
among the input data was carefully investigated. The wh
analysis was repeated after the measurements of Refs.@16#
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FIG. 4. The real parts of thes- andp-wave isoscalar and isovector coefficients of the low-energy form of thepN scattering amplitude
~see the Appendix, part 2! for three typical energies. Thep1p process is represented by the vertical bands, thep2p process by the
horizontal bands, and the SCX reaction by the diagonal bands.
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and@24# were removed from the data base. The changes,
induced, were found to be insignificant.

In order to examine the sensitivity of the effect to t
electromagnetic corrections, the whole analysis was repe
after the corrections to the hadronic phase shifts, the ine
ticities, and the isospin-mixing amplitudes~see Ref.@37#!
were omitted; thus, only the pure Coulomb amplitude a
the Coulomb phase shifts were taken into account. The
ference in the real parts of the twos-wave amplitudes, re-
us

ed
s-

d
if-

sulting from the combined fits to the elastic-scattering m
surements and from the ones to the SCX data, is now slig
larger~difference of one-and-a-half standard deviations! than
the case where the NORDITA algorithm is strictly followe
Therefore, the main conclusion of the present work mig
only be affected in the case where the electromagnetic
rections of Ref.@37# are largely erroneous.

It should be noted that Gibbs, Ai, and Kaufmann@47#
have also investigated the subject of the present analy
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FIG. 5. The real parts of thes- andp-wave isoscalar and isovector coefficients of the low-energy form of thepN scattering amplitude
~see the Appendix, part 2! for three typical energies. The SCX reaction is represented by the diagonal bands which, in the case tha
symmetry is conserved in thepN system, should have a common overlap with the ellipses resulting from the combined fits t
i-
m

te

a-
on

as a

elastic-scattering data.
Using a different approach~and a different algorithm for the
electromagnetic corrections!, the authors have come to sim
lar conclusions. Their results have been based on a s
subset of the existingpN data base.

C. Additional remarks

Let us now investigate the extrapolation of the extrac
amplitudesf p1p(e), f p2p(e), and f SCX(e) to threshold. The
all

d

results will be compared either with experimental inform
tion directly obtained there or with extrapolations based
single-channelanalyses.

~a! p1p: b01b1520.076960.0026 mp
21. The extrapo-

lated value is identical to the one obtained in Ref.@41#
(20.077160.0033 mp

21) with a different method~an ex-
tended threshold expansion of theK matrix! and on the basis
of the recent measurements exclusively; this fact serves
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good indication that the model dependence of the resu
obtained herein, is small.

~b! p2p: b02b150.082660.0020 mp
21. The extrapo-

lated value is about 7% below the experimentally obtain
one in Ref.@48# (0.088560.0009mp

21); if not due to trivial
effects, this difference might also manifest isospin break
in the pN system.

~c! SCX: b1520.082760.0015mp
21. The experimental

value, obtained in Ref.@48#, is 20.09660.007mp
21. Siegel

and Gibbs@49# have also extracted ab1 value from low-
energy SCX data; the authors have made use of a coup
channel approach with nonlocal potentials. Their va
(20.09760.003mp

21) is incompatible with the result of the
present work. However, a particular form for the~real part of
the! pN scattering amplitude is assumed in Ref.@49# for the
extrapolation to threshold~from the energy corresponding t
the experimental data!; the p-wave component is considere
to be proportional tok2 cos(u) ~u denotes the c.m. scatterin
angle!. This is equivalent to assuming that thep-wave is-
ovector coefficientc1 of the pN scattering amplitude is a
constant in the low-energy region~e.g., below 50 MeV!. As
deduced from Fig. 4 of Ref.@3#, this assumption may not b
safe.

Provided that the isospin breaking, reported herein, is
created by trivial effects~i.e., gross experimental errors o
largely erroneous electromagnetic corrections!, then values
of the low-energy hadronic constants might not be mean
ful, unless the type of the corresponding input data bas
adequately specified. A detailed accounting of all the mo
parameters is in preparation@50#; in the present work re-
ported are only values ofgpNN , due to the broad interest thi
coupling constant receives also from other research dom
in Physics. One may argue that what is determined in
present approach fromp1p data is the coupling constan
gp1pn , whereas thep2p data lead to the determination o
gp2pn ; both gp0pp andgp0nn are involved in the SCX reac
tion. The combined fits to elastic-scattering data yie
gp6pn , i.e., an ‘‘average’’ value ofgpNN over the two
elastic-scattering channels. Strictly speaking, one should
fer to one coupling constantgpNN , only if all these values
are compatible. It was indeed found that thegpNN values for
the four classes of fits of Sec. IV C agree~within the uncer-
tainties!. The ‘‘average’’ valuegp6pn is equal to 13.18
60.12.6 The fits to the SCX data yield a value of 12.9
60.31.

A compilation of pre-meson-factorygpNN values may be
found in Refs.@51#. The value, extracted in Ref.@52#, was
found to reproduce thepN experimental data in the KH80
analysis@4#. Recent literature values for thepNN coupling
constant are listed in Table I~along with the values extracte
in the present work! in the more familiar form:

f pNN
2 5S mp

2mD 2 gpNN
2

4p
. ~8!

6The gp6pn value, obtained after the measurements of Refs.@16#
and @24# were entirely removed from the data base, is equa
13.1960.09.
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One should remark that these values originate from analy
of pN ~Refs.@4,53,54#, and the present work!, as well asNN
and N̄N data ~the current values from the Nijmegen grou
@55#, and the values of Refs.@56# and @57#!. The result of
Ref. @58# has not been included in Table I because it w
recently revised@59# and the new value is still considered
be preliminary@60#; this value is in agreement with Ref.@4#.
With the exception of the values of Refs.@4# and @57#, gen-
eral agreement is observed in the entries of Table I.

VI. SUMMARY AND CONCLUSIONS

The aim of the present analysis was to test the principle
isospin symmetry of the strong interaction in thepN system.
This was achieved by analyzing the low-energy~20–100
MeV! pN data within the context of a relativistic isospin
symmetricpN interaction model. Separate fits to the me
surements in the three low-energy experimentally access
channels were carried out and the corresponding scatte
amplitudes were extracted. The present work leads to
following conclusions:

~a! The low-energypN data base is internally consiste
in case where one rejects the true outliers mostly contai
in the p1p channel.

~b! Isospin symmetry in thepN system is clearly violated
at low energies; the three low-energy experimentally acc
sible reactions cannot be simultaneously described within
framework of the parametric model.

~c! The effect pertains to thes-wave part of the interac-
tion.

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

~a! The determination of the low-energy hadronic co
stants~including thepN S term! from pN data must be
carefully reconsidered.

~b! Dispersion-relation analyses in thepN sector have to
be appropriately revised taking into account the results of
present work.

~c! Assuming that the calculations within the framewo
of the chiral-perturbation theory will be extended to the e

o

TABLE I. The values of thepNN coupling constant obtained in
the present analysis~from the combinedp6p fits and from the SCX
fits! in comparison with values obtained in other recent works. N
tice that these values originate from analyses ofpN, as well asNN
and N̄N data.

Reference Data base f pNN
2 Vertex type

This work p6p (76.561.4)1023 p6pn
This work SCX (73.963.5)1023 Mixed
@4# pN (7961)1023 pNN
@53# pN (77.161.4)1023 pNN
@54# pN (7661)1023 pNN
@55# np (74.860.3)1023 p6pn
@55# pp (74.560.6)1023 p0pp
@55# p̄p (73.261.1)1023 p6pn
@56# np (75.760.861.3)1023 p6pn
@56# pp (77.160.960.4)1023 p0pp
@57# p̄p (7162)1023 p6pn
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ergies corresponding to the scattering data, then a new v
for theu- andd-quark mass difference may be obtained fro
the pN measurements.

The validity of the present work relies on two basic a
sumptions.~a! The bulk of the low-energypN experimental
data is correct.~b! The electromagnetic corrections of Re
@37# are not largely erroneous.
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APPENDIX

1. Isospin symmetry in thepN system

The notion of isospin symmetry originated from the o
servation that, as far as the nuclear forces are concerned
proton and the neutron behave as degenerate states o
entity, i.e., of the nucleon. A quantum number, called iso
pic spin or isospin,I (51/2) was assigned to the nucleon;
third componentI z distinguishes between the proton (I z
51/2) and the neutron (I z521/2) state. An isospin of 1 wa
assigned to the pion, since it comes in three charge sta
p1(I z51), p2(I z521), andp0(I z50).

Conservation of isospin in thepN system means that th
strong-interaction component in thepN scattering amplitude
depends only on the total-isospin valueI ~of thepN system!.
The direct implication is that, in such a case, all possi
low-energypN reactions can be described by two amp
tudes~per spin-parity channel!; these amplitudes correspon
to the two possibilities of combining an isospin-1 and
isospin-1/2 field, thus, leading to total isospinI 53/2 or I
51/2.

Let us consider theI 53/2 states first. Evidently, the sta
with I z53/2 corresponds to thep1p system. Therefore,

U32 3

2L 5up1p&5u1 1&U12 1

2L .

Applying the isospin-lowering operator on both sides, o
obtains

U32 1

2L 5A2

3
u1 0&U12 1

2L 1
1

)
u1 1&U12 2

1

2L .

Similarly,

U32 2
1

2L 5
1

)
u1 2 1&U12 1

2L 1A2

3
u1 0&U12 2

1

2L
and
lue

-

io,

e

o
I
-

the
one
-

es:

e

e

U32 2
3

2L 5up2n&5u1 2 1&U12 2
1

2L .

Two states with total isospinI 51/2 exist; they correspond to
I z51/2 andI z521/2. One may write

U12 1

2L 5au1 0&U12 1

2L 1bu1 1&U12 2
1

2L
and

U12 2
1

2L 5gu1 2 1&U12 1

2L 1du1 0&U12 2
1

2L .

The coefficientsa, b, g, andd can be determined with the
help of the orthogonality and normalization condition
Omitting an uninteresting phase factor, one may write

U12 1

2L 56
1

)
u1 0&U12 1

2L 7A2

3
u1 1&U12 2

1

2L
and

U12 2
1

2L 56A2

3
u1 2 1&U12 1

2L 7
1

)
u1 0&U12 2

1

2L .

Eventually, after selecting the upper signs~the results do not
depend on the sign convention!,

u1 2 1&U12 1

2L 5up2p&5
1

)
U32 2

1

2L 1A2

3 U12 2
1

2L
and

u1 0&U12 2
1

2L 5up0n&5A2

3 U32 2
1

2L 2
1

)
U12 2

1

2L .

As already mentioned, the assumption that the strong
teraction is isospin symmetric means that the strong am
tude finally depends only on the total isospin of thepN
system. This implies that the isospin component of thepN
wave function obeys the forms

up1p&5U32L , up2p&5
1

)
U32L 1A2

3 U12L ,

and

up0n&5A2

3 U32L 2
1

)
U12L .

Let us now construct the hadronic amplitudesf p1p(e),
f p2p(e), and f SCX(e) corresponding to the two elasticp1p,
p2p, and to the SCX reaction, respectively;e denotes the
center-of-mass~c.m.! kinetic energy of the incident pion.

f p1p~e!5^p1puHup1p&5 f 3~e!,

whereH is the Hamiltonian operator andf 3(e) denotes the
amplitude in theI 53/2 channel. Similarly,
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f p2p~e!5^p2puHup2p&5
f 3~e!12 f 1~e!

3

and

f SCX~e!5^p0nuHup2p&5&
f 3~e!2 f 1~e!

3
,

where f 1(e) stands for the amplitude in theI 51/2 channel.
The values of the amplitudesf 3(e) and f 1(e) at threshold
(e50 MeV) are thes-wave scattering lengthsa3 and a1 ,
respectively.

Combining the last three equations, one obtains the
called triangle identity:

f SCX~e!5
1

&
@ f p1p~e!2 f p2p~e!#.

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

At low energies, only thes- andp-wave contributions to
~the strong-interaction part of! the pN scattering amplitude
t,

d

A

F
so

, E
c

C
tt.
o-

are important; therefore, the most general form of the ope
tor ~from which the scattering amplitude for a particular r
action may be constructed!, respecting parity conservation
rotational, and isospin symmetry, is given by the followin
formula, introduced in Ref.@61#:

f pN~e!5@b0~e!1b1~e!t•t#1@c0~e!1c1~e!t•t#k f•k i

1@d0~e!1d1~e!t•t# i s•~k f3k i !, ~A1!

wherek i andk f stand for the c.m. momenta of the incide
and outgoing pion, respectively, andt denotes the pion iso
spin operator;t/2 ands/2 are the nucleon isospin and sp
operators. The coefficientsb0(e),...,d1(e) are complex;
their imaginary parts are small in the energy region cons
ered in the present work, and vanish at thepN threshold.
The s-wave part of the interaction is contained in the co
ficients b0(e) and b1(e); the remaining coefficients pertai
to thep-wave component. The quantitiesb0(e) andb1(e)
at threshold are, respectively, the isoscalar and isove
s-wave scattering lengths and are simply denoted byb0 and
b1 .
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