PUBLISHED VERSION

Ericson, T. E. O.; Loiseau, B.; Thomas, Anthony William
Determination of the pion-nucleon coupling constant and scattering lengths Physical
Review C, 2002; 66(1):014005

© 2002 American Physical Society
http://link.aps.org/doi/10.1103/PhysRevC.66.014005

PERMISSIONS

http://publish.aps.org/authors/transfer-of-copyright-agreement

“The author(s), and in the case of a Work Made For Hire, as defined in the U.S.
Copyright Act, 17 U.S.C.

8101, the employer named [below], shall have the following rights (the “Author Rights”):
[...]

3. The right to use all or part of the Article, including the APS-prepared version without
revision or modification, on the author(s)’ web home page or employer’s website and to
make copies of all or part of the Article, including the APS-prepared version without
revision or modification, for the author(s)’ and/or the employer’s use for educational or
research purposes.”

25" March 2013

http://hdl.handle.net/2440/11110



http://hdl.handle.net/2440/11110�
http://link.aps.org/doi/10.1103/PhysRevC.66.014005�
http://hdl.handle.net/2440/11110�
http://publish.aps.org/authors/transfer-of-copyright-agreement�

PHYSICAL REVIEW C 66, 014005 (2002

Determination of the pion-nucleon coupling constant and scattering lengths

T. E. O. Ericsof
The Svedberg Laboratory, S-75121 Uppsala and CERN, CH-1211 Geneva 23, Switzerland

B. Loiseau
Laboratoire de Physique Nucl@e et de Hautes &ergies, Groupe Thwie, UniversiteP. & M. Curie, F-75252 Paris Cedex 05, France

A. W. Thomas
Department of Physics and Mathematical Physics and Special Research Centre for the Subatomic Structure of Matter,
University of Adelaide, Adelaide 5005, Australia
(Received 6 October 2000; revised manuscript received 4 February 2002; published 24 July 2002

We critically evaluate the isovector Goldberger-Miyazawa-Oeli@&O) sum rule for forwardmN scat-
tering using the recent precision measurementsop and 7w~ d scattering lengths from pionic atoms. We
deduce the charged-pion-nucleon coupling constant, with careful attention to systematic and statistical uncer-
tainties. This determination gives, directly from degé(GMO)/47r= 14.11+0.05statistical =0.19systematig
or f§/47-r=0.0783(11). This value is intermediate between that of indirect methods and the direct determina-
tion from backwardhp differential scattering cross sections. We also use the pionic atom data to deduce the
coherent symmetric and antisymmetric sums of the pion-proton and pion-neutron scattering lengths with high
precision, namely, &,-,+a,-,)/2=[ — 12+ 2(statistical}- 8 (systematic)x 104 m;l and @,-p—a,-n)/2
=[895+ 3(statisticaly- 13 (systematic)k 10~ 4 m;l. For the need of the present analysis, we improve the
theoretical description of the pion-deuteron scattering length.

DOI: 10.1103/PhysRevC.66.014005 PACS nuni)erl3.75.Gx, 11.55.Hx, 13.85.Lg, 25.80.Dj

I. INTRODUCTION have also been found by the Virginia Tech groji-11]
from an analysis of botir™N andNN data. Using a similar
The pion-nucleon £NN) coupling constant is of funda- PWA method in themp sector, Timmerman§l2] found a
mental importance in both nuclear and particle physics. Invalue of 13.4514). These more recent analyses often suffer
nuclei it sets the scale of the interaction, together with thdrom the drawback that they rely on the joint analysis of
pion mass. In particle physics it is of great importance for thdarge data bases from many experiments with some of the
Goldberger-Treiman relatiofi], one of the most important data rejected according to various criteria. The statistical ac-
tests of chiral symmetry. Its experimental error is the maincuracy is high, but the systematic uncertainty is not clear.
obstacle in the accurate discussion of the corrections to thixceptions are the Goldberger-Miyazawa-Oehf@&VO)
relation as predicted from chiral symmetry breakisge, for ~ sum rule[13] used by several groug$,14,13 and the for-
example, the discussion on p. 1086 of H&fl). An accurate Ward scattering sum rule fopp scattering[4], which, in
test requires a knowledge of theNN coupling constant to a principle, depend directly on physical observables. However,

precision of about 1%, so as to match the experimental pret_he dominant systematic uncertainties are not discussed and

cision of the other quantities in the Goldberger-Treiman re_the uncertainties in the isovector scattering length used as

lation input are large. In the case of R¢fL4] we have corrected

The present situation is summarized in Table I with un-their result as given in Table | to account for an erroneous

certainties as quoted by the authors. In the 1980’s NN Input value a.CCOTd'”g to the Erratum of RéI_O]._ Another .
direct determination is based on the extrapolation of experi-

guﬁggghm;;éargig:zr?::{g e(;jettgrtlzr?ir\:\é%" ;n%glr;'elnogamgu'mental precision data on single-energy backward differential
' ) i 5 np cross sections to the pion pdl2,16]. This allows a sys-
charged-pion coupling - constargc/4m=14.28(18) from  tematic discussion of statistical and systematic uncertainties,
7 p scattering data, while Kroll4] found the neutral-pion  pyt the uncertainty is so far larger than what can be achieved
coupling constang5/4m=14.52(40) from gp forward dis-  at present with the use of the GMO sum rule. The extrapo-
persion relation. This was put in question in the early 1990’s|ation method gives 14.526), a value significantly larger
when the Nijmegen group published a series of paf@r§]  than those deduced by indirect methods. A review of the
where they reported smaller values on the basis of energyituation of thewNN coupling constant up to 1997 is found
dependent partial-wave analysé8WA) of NN scattering in Ref. [6]. The problems regarding its determination from
data. They obtained g§/4w=13.47(11) and g§/477 np data have recently been discussed in a dedicated work-
=13.545). Similarly low values withg?/4m about 13.7 shop[17-21] as well as in a recent conference working
group[22].
To resolve these discrepancies it is desirable to have an
*Also at CSSM, University of Adelaide, Adelaide 5005, Australia. independent precision determination, directly linked to mea-
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TABLE |. Some deduced values for theN N coupling constant.  information on ther ™ p and =~ d scattering lengths deduced
The quoted uncertainty are those quoted by the authors and usualijom data on pionic atoms. We draw the reader’s attention to

do not include systematic uncertainties. the most critical theoretical point in the present procedure for
their extraction. Details on expressions used for the electro-
Source Year  System gZy/4mw magnetic corrections to the experimental’ d scattering
Karlsruhe-Helsinki3] 1980 ™ 14.2818) !engths are given in_ Appendix A. In Sec. IV we _analyze and
Kroll [4] 1981 pp 14.5340) improve Fhe theorenqal approach to the scattering length
with particular attention to a number of smaller terms. We
Nijmegen[6] 1993  pp,np 13.58(5)2 use this understanding to deduce the most accurate values yet
VPI [8] 1994  pp,np 13.70 for the wN scattering lengths from the experimental data.
Nijmegen[7] 1997 pp,np  13.54(5°% Practical expressions for the theoretical d scattering
Timmermang12] 1997 7tp 13.4514)®  length for separable scattering amplitudes are given in Ap-

pendix B. In Sec. V we analyze the uncertainties from dif-

VPI[9] 1994 GMO,mp 13.7819%  forent sources in the cross section intedral In Sec. VI we
Uppsala[2] 1998 np—pn  14.5226)  gymmarize the conclusions about the scattering lengths and
_ Pavaret al.[11] 1999  m@p 13.73(9)  give the GMO sum rule result for theNN coupling con-
Schraderet al, corrected 14,10 1999 GMO,m"p 13.7418)  stantg¥/4s, with an explicit indication of systematic and
Present work 2001 GMOr~p 14.13120)  gtatistical errors in each contributing term, presented in a

Statistical uncertainty only. form that can readily be improved or criticized.

sured quantities with quantifiable systematic and statistical II. THE GMO SUM RULE

errors. The systematic errors should be clearly identified, ] )
such that they can be explicitly discussed and they should be Theé GMO sum rule for charged-pion—nucleon scattering
presented in an improvable form. The purpose of the presef$ & very ge_n_eral forward dl_spersmn relation, which assumes
article is to demonstrate that recent experimental advanceé¥ly analyticity and crossing symmetry. Contrary to the
make the GMO relation suitable for this purpose. The GMousual approach to its evaluatidi9,10,14,15,23,24 it is

is a forward dispersion relation that expresses the chargddPt necessary to assume isospin symmgy a discussion
coupling constang?/4 in terms of the isovectorrN scat-  Of the GMO relation assuming isospin symmetry see Eq.
tering length(70% contribution and a weighted integral~  (A-6:49) in Ref. [23]]. It takes the following form:

of the difference between the charged-pion total cross sec-
tions (30% contribution. This relation has been repeatedly
evaluated in the pa§9,10,14,15,23,24 Since, until recently,
there was little information on the scattering lengths avail-

f2/4r=[1—(m_/2M)?]

m7T
(1+m7,/M)T(a,Tfp—a,T+p)

able from direct data, these evaluations necessarily relied on m2 ma;p(kr)_a;p(k,)
scattering lengths extrapolated from semiphenomenological -~ — dk’ |. (D]
7N phase-shift analyses, using data from a range of energies 8w Jo \/k tmz

above threshold. At the high precision needed, the systematic . .
errors in the extrapolated scattering lengths are unclear and. Herem, is the charged-pion mass ahtithe proton mass
have, to our knowledge, not been estimated. The experimerf!/" the neutron-proton mass difference negleceed,, the

tal situation has changed recently. Thep and = —d scat- 7 P Scattering lengthsg_ . the total == proton cross
tering lengths can, to high precision, be deduced from recerection, andk the pion laboratory momentum. The relation
experiments on pionic atoms. As a result, all the major ingives the charged-pion  coupling  constanfZ/4m
gredients in the GMO relation can now be discussed as ex=(m,/2M)2gZ/4x explicitly in terms of the charged-pion
perimentally derived quantities with transparent sources o$cattering lengths and total cross sections, all directly mea-
uncertainty. Further, the approach can be improved by theurable. In writing Eq(1) it has been tacitly assumed that
observation that isospin conservation, which was previouslfCoulomb barrier corrections have been made to sufficient
assumed, can be replaced by the weaker assumption pfecision both in the extraction of the scattering lengths from
charge symmetry. This avoids the possibility of perturbationgpionic atoms and, in particular, in the determination of the
from the rather important violation of isospin symmetry ex- total cross sections. We will discuss these issues as well as
pected to be associated with the’p and #°n scattering the effect of mass differences and isospin violation further
lengths[25,26. The GMO relation can now be completely below.

evaluated on the basis of data closely linked to direct experi- It is convenient to write the expressioh) in a simplified
ments and it then determines the charged-pion coupling. Weorm with numerical coefficients

will develop this aspect below and also give a discussion of
uncertainties in the dispersion integral.

The paper is organized as follows. In Sec. Il we give a
brief review of the GMO sum rule, reorganize it in the most
efficient way for the present purpose, and discuss the magrhroughout this paper the scattering lengths are in units of
nitudes of the main contributions. Section IIl presents them_* andJ™, given in mb, corresponds to

Tp a*n'*p

a
g2/4m=—4.50< 3" +103.3x ( 5 2
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T N T / those for the finite nucleon and pion size as well as the feed-
1 (=0, (K')—0o_+ (K') f . .
J*:_z P > zp dk’. (3) back of the strong interaction shift on the long-ranged
4m=Jo VK’ +m7 vacuum polarization. These can all be calculated to a preci-

N . sion more than an order of magnitude better than the present
Everything is in principle measurable to good precision. Theyyperimental error. They also include the effect of the proton
relevant scattering lengths in E@.) can be obtained to high ¢ )~ holarizability. The crucial step in the analysis is the
precision using ther d scattering length as a constraint as modeling of the hadronic interaction. Siggal. have simu-

will be discussed below. , . lated this by using a short-ranged potential for each of the

So as to obtain a robust evaluation of the coupling con- . . .

: . isospin states with the strength tuned to the corresponding
stant in the present context, we rearrange relat®mn such

a way that the most important experimental contributions ar rthee sc;ttterl_ng I%ngth '?] the abser;]ce of lthg op@rn:hlarénill. .
explicitly and separately identifiable: ey then introduce the open channel via couple ein-

Gordon equations and explore the correction for different
interaction ranges, with values near @7 * that are consid-
ered realistic. The correction and uncertainty are mainly as-
(4) sociated with the conversion between charged and neutral
pions due to the available phase space. The final theoretical
For orientation, and as an initial basis for discussion, weuncertainty is given as 0.5%, larger than the statistical uncer-
use as a preliminary valug = —1.077(47) mb from Koch tainty of 0.2%.
[27] and the experimentat ™ p scattering length 0.0888) We have examined the procedure and agree with the
m_ ! [14]. This gives the following relation, to be improved quoted electromagnetic corrections and their precision, pro-
later: g2/4m=4.85(22)+9.12(8)— 103.3x (a,-pta,+p)/2  vided the hadronic interaction is tuned to correctly reproduce
=13.97(23)-103.3¢ (a,-,+a,+p)/2. We stress that this is the experimental energy shift. The treatment of the correc-
not our final resulfour best estimate of these terms is giventions in the hadronic part, however could be improved, al-
in Egs. (20), (21), and(23) below]. Here the last term is a though it is convincing to a level of a few %.
small quantity. If we use the old Koch-Pietarinen va|@ Lipartia et al. have demonstrated that chiral effective field
for (a,-pt+a,+p)/2=a’=-83(38)x 104 m_-t we will theory(EFT) gives the same result as the potential approach

w

find g2/4w=14.83(45), while the SM99 solutiof28,29  at least to next to leading ordg82,33 if the physical am-
with a*=20x 10~* m_* will lead to g/47=13.76. A value plitude is reproduced. This result is similar to the invariance
for the coupling constant of the order of 13.6 would require®f the leading order e.m. correction due to gauge invariance
either a relatively large positive magnitude for the isoscalaf @ energy-dependent potential descript[@4]. It is thus

scattering length and/or a substantially less negative valugasonable to simulate the range dependence ofmtNe
for the cross section integral . It is thus extremely impor- S'Wwave amplitude using potentials, provided the low-energy
tant to obtain an accurate number for the small isoscala@XPansion of theswave scattering amplitudg, is correctly
amplitude. This quantity can be evaluated with small statisfeProduced to ordeq®. This latter approach automatically
tical and systematic uncertainties from the experimentad ~ includes the wave function modification by the extended
scattering length, assuming the validity of charge symmetrycharge distribution, an effect of higher order in the EFT ap-
i.e., that the scattering lengths.+, anda,—, are equal. This proach, but which gives here .the largest numerical correc-
approximation is expected to be excellent, since the recerf{on- However, the procedure in RgB1] does not respect
estimate of the isospin violation effect in this amplitude, (€ émpirical values for the “range” terms, which leads to a
mainly due to virtual photon effec{®6], suggests that this larger uncertainty than the one quoted for thelr correction.
leads to an increase of the coupling constant by only 0.2%! N€ negative sign of the correction term and its approximate
The cross section integral” is at present becoming the larg- Magnitude of—19% is basically correct. To account for the
est source of error. Uncertainties from the smalld term  Present inconsistency with the range expansion and using the

will not have a major impact on the result. We now turn to ahumerical range of variation of Siget al, the theoretical
critical discussion of the different contributions. uncertainty must be increased fran0.5t0+1.0 %, i.e., the

overall systematic uncertainty in the scattering length taken
in quadrature is increased from6x10 “m_* to +10
X 10*m_'. We have not attempted to correct the deduced
scattering length of Ref.35], since this should be investi-
The 7~ p scattering length contributes the bulk of the gated specifically{36,37. Range corrections to the p
GMO relation and must be very accurately controlled. It iswidth are not relevant at present accuracy.
deduced from the energy shift in pionic hydrogen, whith The isospin breaking in the™ p amplitude has been di-
about 2% is proportional to the scattering length. The highly mensionally estimated in chiral EFT theof$3]. Such ef-
accurate value from PSl4,30 has an uncertainty domi- fects are modeled in the potential approach as well. The es-
nated by systematics in the analysis. The accuracy in thémate in EFT in next to leading order appears to be a
procedure for extracting the scattering length, with a numbeconsiderable overestimate owing partly to higher order com-
of small corrections of electromagnetic origin, has been dispensations. The main uncertainty in the estimate of 33,
cussed in detail by Siggt al. [31]. The corrections include is absent in the difference between thép amplitudes,

a,,—p+ a,,.,+p
2

gi/4m=—4.50<J” +103.3<a,-,— 103.:{

Ill. THE EXPERIMENTAL @~ p AND @~ d SCATTERING
LENGTHS
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which is the quantity relevant to the GMO relation for the We recall that the following relations hold, if isospin sym-
7NN coupling constant. metry is assumed to be valia',,fpsawfpﬁﬁfp:aﬂra*;
The experimentatr~d scattering length is derived from a, -, o,=— J2a~, wherea® are the symmetric and anti-
the energy shift in ther~d atom in close analogy to the case symmetric scattering lengths™=3(a,,*a,+,), respec-
of the 7= p scattering length. The deuteron electromagnetidively.
corrections can in practice be calculated using a deuteron
charge distribution, that correctly reproduces the experimen- _
tal deuteron charge radius. Further, the deuteron is simpler IV. THE THEORETICAL @~ d SCATTERING LENGTH
in so far as the the correction for the opefi channel is The part of the GMO relation, E@4), that it has not been
negligible. The electromagnetic corrections produced to thgossible to determine accurately up to now is the term pro-
strongd amplitude should be included, however. The mainportional to the coherent, symmetric combination of the scat-
one originates in the energy dependence, similar to the casering lengths &,-,Ta,+p)/2. Assuming isospin symmetry,
of the proton. This small, repulsive contribution to the energythis is the isoscalar scattering lengai . It follows from
shift can be estimated to leading order from our approachecent measurements of the hadronic energy shift and width
in Ref. [34], Egs.(3)—(5) and it is mainly produced by the of the pionic hydrogen atorfil4] that this gives a directly
leading order isoscalar range tertsee Appendix A The  determined valua* = —22(43)x10~* m_*. However, the
estimated cgange in the deduced scattering length igccuracy of this direct determination is not sufficient for our
—4m_ b e(V¢(r)), where the Coulomb potential from the present purpose. It is very difficult to determing with
extended deuteron charge distribution is averaged over therecision, directly from the coherent sum of the individual
deuteron matter distribution. Note that there are no Canceuaﬂ-_p and 7T+p Scattering |ength5, because these cancel to a
tions in the range terms, contrary to the massive cancellatiofew percent. On the other hand, assuming only charge sym-
of the wN scattering lengths in the single scattering term.metry, this quantity is identical to the coherent scattering
Numerically, the empirical value for the range terms are|ength for a negati\/e pion on the neutron and proton,
b*=-0.044(7m_*%; b~ =0.013(6)m; ® [23]. Any modern (a, p+a,-n)/2, which is the leading contribution to the
deuteron density distribution givee(V‘é(r)>=0.86 MeV  accurately knowna,-4 scattering length. The accuracy of
and a correction of 1210‘4m;1. An alternative estimate this approximation is indicated by a recent estimate of the
is obtained from the gauge correction to th€ n ampli-  isospin violation effect in the amplitude ratid,=
tude due to the Coulomb field of the proton, treated as a-0.008(1)[26] such that
static spectator. Using the empiricalN range parameters
this gives a contribution —2m_(b™—b7)e(VR(r))=6 a,+p— 8, n=Ry 8, n=3X% 104 m*. 8
x10~*m_* with e(V2(r))=0.66 MeV. A related estimate

in ailzaang order chiral approach gives a correction 7.5 prqyided the remaining contributions can be reliably cal-
X10""m_ " [38], but it is based only on the isovector term cyjated, it is then possible to deduce the relevant coherent
and does not include the constraints of the phenomenologicgbmbination directly from the deuteron data with only minor
range expansion. In the absence of correlations between th@symptions concerning isospin symmetry. The situation is
nucleons, the isovector range term does not contribute tayceptionally favorable for the application of multiple scat-
leading order and it is further suppressed by its empiricatering methods. The deuteron is a very loosely bound system
weakness. We adopt the average of the first two estimates @fq its wave function is accurately known. The nucleons
9x10 *m_* for this correction with an uncertainty of 5 have very little overlap and, consequently, the poorly con-
X 10 *m_*. This is well inside the present uncertainty in trolled short range contribution is small. The particular case
the theoretical deuteron scattering len¢ggke Table IV and  of the wd scattering length is even a textbook example of
has little influence on the present investigation. multiple scatteringsee p. 111 in Ref40]), since the expan-

In summary, we have adopted the following scatteringsion parameters are small. The situation has been explored in
lengths deduced from the data on thep atom[14,30l and  detail, both within multiple scattering theory and using a
the =~ d atom[39] with the modifications described above. three-body Faddeev approach, since it provides a clear-cut
The transition amplitude,-,_, 0, is the one obtained from testing ground for methodgl1-45.

the width of the % state of ther™ p atom[14,31: In the static(fixed scattering centersapproximation the
leading structure and scale of the pion-deuteron scattering
_ - ; length is set by the coherent single scattering t&amd the
a,—_ . p=[883x 2(statistical = 10(systemati
moperp=l ( J=10sy d dominants-wave double scattering teri which is propor-
X104 m_1, (5)  tional to the inverse deuteron radigs/r) (p. 111 in Ref.
[40]):
_ —4 —1
Ay p_40n=128060) X 10 * m_~, (6) ait?tf: S+D-... ©
a,-q=[ — 252+ 5(statistica] = 5(systematig+i63(7) ] (1+m_/M)
X1074m;*. (7) = Lrm. My @ et ann), (10
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(1+m,/M)>? a, pta, 2 a, p—a;n 2 B. The inverse deuteron radius
51+ m_/My) 2 a 2 The inverse deuteron radius appearing in @d) must be
evaluated from wave functions. It is essential that the
X(1Ir), 1D asymptotic normalization be accurately consistent with the
experimentahp effective range and that the wave functions
whereM is the deuteron mass. correspond to an energy-independent interaction. The Paris

The static double scattering term represents about 90% ¢f9] and BonnZ50] waveifllvmctlons satisfy these C”te”ﬁ‘la”d
the experimental scattering length. It is in practice well de-9V€ (1/r)pais=0.449 fm = and (1/r)gonn=0.463 frj‘m
fined numerically with a small error from the uncertainty in With asymptotic normallz?;c;;)nsﬂ\s(ParlsF 0.8869 fm -
(1ir). It has typically the value andAS(Bqnn2)=O.88§3 fm 4, r(_aspectlvely, k_)ut they_ differ

relatively importantly in the dominant tensor interaction. The

resulting uncertainty in the inverse radius is small, since the
D=-2544)x10 *m_*, (120 most contributions come typically from distances of about 2
fm and little inside 1 fm. We have conservatively used the
average of these model value&l/r)=0.456(7) fm?t
g0.645(1O)m77; the uncertainty given is set by their differ-
ence. We note that the inverse radius, 0.520 fmof the
Hulthen wave function[44], which is often used for explo-
rations of various effects, is nearly 15% larger than these
values and should not be used in quantitative studies. The
A. Previous approaches t(ﬁ+ from the deuteron data Uncertainty in the77d Scattering Iength from the inVerse ra-
dius is about five times smaller than its present overall the-
oretical uncertainty. The effect on the coupling constant is
ell over one magnitude less than our stated overall system-
ic uncertainty in the coupling constant.

where we have used the central values of the scatterin
lengths from Eqgs(20), (21). We will use this well defined
static limit with point interactions as the starting point with
respect to which various corrections will be introduced.

Recently Baru and KudryatseiBK) [45] have investi-
gated therrd scattering length using state-of-the-art multiple
scattering methods. We will use the updated and unpublishe,
version of their investigatiofd6] as the theoretical yardstick
for the following discussion. We have numerically repro-
duced their findings to the same numerical precision, under
the same assumptions. This approach is, however, still in- The simplest approximation to the double scattering term
complete and contains, we believe, one erroneous term. Asaf Eq. (11) assumes that theN scattering is pointlike. Such
consequence, the close agreement of their quoted alue an approximation is appropriate if the two scatterers are well
=—15(9)x10°*4 m;l with our final result fora™ is only a ~ separated, as is the case for the bulk of the contributions in
fortuitous numerical coincidence without any special signifi-the case of the deuteron as a consequence of its loose bind-
cance. It cannot be used as such. In the following we discus§g- The rather small nonlocal correction must, however, be
the input parameters, corrections and systematics, and intrgontrolled in sign and magnitude at the level of precision
duce substantial theoretical improvements. The classica@imed for here. However, it is not necessary to describe this
three-body approach to the problem is still that of Afnan anceffect very accurately. The nonlocal effects enter mainly in
Thomas and of Mizutani and Koltun, using separable interthe description of the isovectorN swave interaction,
actions[41,42. This approach gives the best picture of thewhich is well known to be closely associated wiifmeson
dispersive effects due to absorption and supports the concl@xchange and which heavily dominates the double scattering
sions of the heavy cancellation of unitarity corrections in theterm. For calculational convenience it has been conventional
multiple scattering approach. The approach, however, has n&® model the nonlocality of the scattering amplitude in terms
been updated in its overall accuracy to match the preseriif a separable form(k)v(k’), with a monopole form factor
high experimental precision and cannot be used directly. v (k)=c?(c*+k?). Since the initial and final pion are at rest

A rather different approach is that of Beageal. [47],  with momentum O and the intermediate pion has momentum
based on the nuclear chiral perturbation approach of Weind, this means that in momentum space the static pion propa-
berg[48] and using phenomenological deuteron wave func-gator changes frong 2 to v(q)2q 2. In coordinate space
tions. This approach makes a systematic expansion in thidis corresponds to a change of the expectation vélue
pion four-momentum, using effective parameters; at preserity
the calculations have been madefq®). The result has the
same general structure as the static limit of multiple scatter- (1) = _< 1+cr/2
ing. Several physical effects discussed in the following are r
not yet included in this order, such as the Fermi motion term
and the dispersive correction from pion absorption. Theywe list in Table Il the values of(1/r) and the corresponding
conclude thag ™= —30(5)x 10 4 m;l to O(g®), where the  contribution to the deuteron scattering length for different
uncertainty represents only the experimental uncertainty ivalues ofc as well as the contribution to the scattering length
the deuteron scattering length. The systematic uncertaintfpor standard values of theN scattering lengths.
from the omitted higher order terms is most likely nearly one  We conservatively consider that plausible values for the
order of magnitude larger. parametec lie in the interval 3.5<c<5 m_,. This is a wide

C. Effects of the non-locality of the N s-wave interaction

exp(—cr)

> . (13
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TABLE Il. Corrections to(1/r) and to therrd scattering length  the largest theoretical sources of systematic uncertainty in
for different cutoff values and wave functions. Thé\ scattering  corrections to the pointlike static approximation.
lengths are from Eqg20) and (21).

Model Paris[49)] Bonn2[50] D. Corrections to the static approximation
(1) 0.449 fm! 0.463 fm ! . _ _
c (1) sa.y (1) sa.y The nature of the leading nonstatic corrections and the

[m,] [103fm™Y] [104m.%] [107%fm ] [10°4 m_?] reasons yvhy the static express?(frxe.d scattering centers
still remains an excellent approximation are well understood.

3.0 —50 28 —60 34 At first sight, even the single scattering amplitudes have
3.5 -37 21 —46 26 rather important nonstatic modifications, representing about
4.0 —28 16 —36 20 30% of the totalwd scattering length. Such corrections are

4.5 -21 12 -29 16 systematically generated by the multiple scattering descrip-
5.0 —16 9 -23 13 tion in which physical amplitudes are used, thus guarantee-

ing the correct behavior of the scattered wave at large dis-
tances. The emphasis is thus not on the near-zone behavior of
range, which should adequately cover any model dependentle scattering as in pseudopotential or effective Lagrangian
of the result. These values have been obtained using twapproaches. In a situation such as the present one, this leads
extremes of strong form factors for the double scatteringo a systematic cancellation of unitary binding corrections
term. One choice is to consider each of the scatterings to bigetween single scattering and double scattering terms, when
associated with a monopole form factor. Since the isovectofhese are introduced consistently. This phenomenon was first
scattering strongly dominates the double scattering, the natiemonstrated in the present context for an analytically
ral cutoff parameter is thg-meson mass. This would give spluple model by Halt [44]. It has been numerically inves-
the same correction as quoted in Table Il 6r5 m,. An-  {igated by BK[45] using a Hulthe wave function and a
other choice is include in addition a strong form factor of separable amplitude with a dipole form factor and a cutoff

tyf;f)iczgl p—mesorlll ;angef fo[ bqth thehpic;r:hand.the nuct:tleo_n. Th%arameter 3In_.. They conclude that the amplitude increases
etrective overall form factor in €ach of Ine pion scatterings ISby only 1010~ 4 m;l, when the nonstatic term is included.

then a dipole form factor with th@-meson mass, corre- o : . .

: _ . This is only twice the experimental uncertainty and less than
sponding toc=3.5m,. It should be observed that the typi- the uncertainty from the form factor. el evaluated the joint
cal modification of(1/r) is a negative contribution by 4 tributi ?th tati d th. f factor t jomnt
to 8% corresponding to a positive contributionda,.-4 of contribution of Ine nonstalic and the form factor terms using

a dipole form factor withc=3.6 m_ with a Hulthen wave

9 to 20x10 “ m_*. We choose the mean of these two ap- . h I buti q
proaches as a typical value with the spread setting the scaTHnCtlan [flf]' The overa ) contr! utlon.correspon s to 34
m,.~. The comparison with our independent evalua-

of the uncertainty, but note that in doing so we may someX1
what underestimate the non-local effect, such that our finalion of pure form factor corrections indicates that the non-
value ofg(z:/477 may be somewhat too low. static term in this case is about<g0 m;l. A detailed

We found that the results reported by BK in Rp45], calculation of this correction is complicated. Wycech in-
Table 3, for the realistic Bonnl and Bonn2 wave functionsformed us that he is in the process of reevaluating the non-
did not include the form factofcontrary to the statement in static contributions using a Faddeev approach and separable
the paper, which the authors confirm. We have receivedinteractions. At the present moment he has only results using
their corrected and extended resu$] for the Bonnl po- an interaction that reproduces the Hulihwave function;
tential. Note that at the present level of precision it is impor-this gives+12x 10" * m;l, in excellent agreement with the
tant to use potentials fully consistently. The Bonn1 potentiabrevious result§51]. Following BK we have adopted a value
is energy dependent; as a consequence, orthonormality c3f 6)x 104 m_*, where the liberal uncertainty reflects the

only b_e rt_especte_d_ in ma_1trix elements cglculated us_ing thifsck of verification of the value of nonstatic effects using
potential if nontrivial weight factors are introduced in the high quality deuteron wave functions
& .

integrands. To eliminate this uncertainty we use here th
similar, but energy independent, Bonn2 potential. BK con-
sider without arguments cutoff values=2.5, 3, and 3.5n_

in the form factor; this gives positive contributions to the  Another well defined correction originates in the nucleon
scattering length as compared to the pointlike static approxiFermi motion. In the case &fwave scattering, such contri-
mation of 36, 27, and 2210 * m_*, respectively. There butions cancel systematically to high precision with other
are good physical reasons to believe thaheson exchange binding terms[44]. In addition, the single scattering term
sets the scale for the dominant isovector amplitude with drom the 7N p-wave scattering produces a small, attractive
larger value for the effective. To be conservative we take and physically well understood contribution, which can be
c=3.5 andc=5 m_ for the cutoff as limits for this system- reliably evaluated as a leading order effect originating in
atic correction from the non-localities and use the centrathe nucleon momentum distribution and the spin-isospin
value of these two extremes as the correction. Our correctioaveraged p-wave threshold scattering amplitude

is smaller than the one found by BK. Nonlocality is one of =0.208(3)m_° [40]:

E. Fermi motion
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TABLE Ill. Estimates of the contributioa(Fermi to a,-4 from value —56(14)x 104 m;l [43]. The dispersive contribu-
single p-wave scattering as a result of Fermi motion according totjon is a theoretically calculated correction; a more detailed

Eq (14) for various deuteron wave funCtiOﬂS, different cutoff val- Study of this term is hlghly desirable. The uncertainties re-
ues, and separated inf® and D-state contributions. The last row flect the model dependence of the approach.

gives({p?) and the kinetic energyp?)/M.

G. spinterference

Model Paris[49] Bonn2[50]
This is the name given by BK to a term originating in
c Sstate D state Total Sstate D state Total pion p-wave scattering on one of the nucleons due to Gal-
[m,] [in units of 10 m_']  [in units of 104 m_Y] ilean invarianceg45]. Such Galilean terms generatavave
scattering contributions even for pion scattering on free
3 396 279 676 367 167 534 pycleons. In the present situation the relevant spin-averaged
4 398 281 678 368 169 53.6 on-shell scattering volume for charge exchange pfwave
5 398 281 680 368 169 53.7 pion is well known and the corresponding scattering ampli-
o 39.9 283 682 36.8 17.0 53.9 tude on-the-mass-shell depends on the pion momentum in a

well defined way. The Galilean correction for nucleon mo-
(p?)[m3] 0533 0.378 0.912 0.492 0.228 0.720 tion involves going off the mass shell and usually depends on
(p?/M [MeVv] 11.1 79 190 10.3 47 15.0 the description. BK advocate that a contribution of about
42x10°4 m;l originates fromp-wave scattering due to the
momentum of the intermediate pion when expressed in the

a(Fermi 7N c.m. system. However, in the present situation the con-
) tribution is almost entirely generated by the isovectoy
P mz(1+m; /M) s o[ Mz ) Born term and it can be evaluated exactly. From the expres-
oM+ m_)4(1+m._/My) M+m, P sions given in Haler’s reference book, EGA.8.2) [23], one
14 finds that this term is proportional to
| | | , (RFk?-y
We have calculated this expectation value for two high Vit T -q-q. (15

quality deuteron wave functions. The results are given in

Table IlIl. The form factors are manifestly of no importance. Here,v is (to orderM _2) the Breit frame pion energy, which
The relatively large difference between the Paris potentials proportional to the scalar product of the average four vec-
and the Bonn2 potential arises because oflRstate com-  tors of the nucleonsp and p’) and pions § andq’), re-
ponent, which generates contributions 10 times more effecspectively:

tively than theS-state one. The difference in the correction in

the two cases is thus_ almost entirely a consequence of the_ 1 (p+p') (g+q") _(q0+q6) 1 (p+p’) (g+q")

well known difference in thé)—;tate probability EDz 5.7 vs Y M 2 > 2 M 2 2

4.3 %) for the two wave functions. The normalized momen- (16)

tum distributions for th&s- andD-wave components, respec-

tively, are very similar in the two models. We therefore treat[Eq. (A.1.6) in Ref. [23]]. Thus, neglecting terms of order
its effect as a true model dependence. We take the spread M2, the pion pole term is proportional to

the values of the Fermi motion corrections as a measure of a

systematic theoretical uncertainty, although physical argu-  (do—do)*  (do+dg) (p+p’) (a+q") .
ments for the higher value &%y exist[52]. Consequently, in 4 M 2 2 +ta-q-.
the following evaluation, we use the valua(Fermi)

=61(7)x104 m;l. This is consistent with, but somewhat  In the double scattering term, the contribution comes from
larger than the value 50 to 5310 4 m_* found by BK nucleon 1 with initial(final) momentump (p—q’) and with
based on the Bonnl and 2 wave functions. This uncertain':?"e initial (intermediatg pion momentumO(q’), respec-

in a correction term is about 3 times less than the preseritvely, while for nu/cleo_n 2 the initiaffinal) nucleon momen-
overall theoretical uncertainty in the scattering length and i§Um is —p (—p+q’) with intermediate(final) pion momen-
not a significant source of uncertainty, as expected. Th&m ' (0), respectively; the pion energiegy andqg, are
lower value of the Bonn potentials would lead to a 0.3%unchanged in this term. The sum of these two contributions

increase of the coupling constant. are

17

F. Dispersion contribution ———— 0. (18

A small repulsive contribution, not described by multiple
scattering, is produced by the dispersive term from the ab- On the other hand, BK make the choice of Galilean in-
sorption reactionm—d—nn. This quantity has been repeat- variance for the incoming and outgoingN systems calcu-
edly calculated using Faddeev approach&s-43. It typi- lated separately in the primary amplitude and find in the
cally has a theoretical uncertainty of 20% of its numericalsame limit 0+ goq’'%/M in Eq. (18). Instead the exact pole
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term corresponds, to ordevl 2, to a Galilean invariant [45,46. Our independent evaluation also gives very stable
expression using thaveragevelocity of the initial and final  values, but somewhat smaller, in the range of 3 to 4
nucleons, contrary to the BK assumption. In other words, the< 104 m;l for the form factors considered. We have used
pole term is proportional to the scalar product of the pionthe value4(1)x10 % m_* for this correction. The effect is
momentagg- gg in the nucleon Breit frame. We have there- much smaller than other uncertainties, for example, those
fore suppressed this term in the BK multiple scatteringdue to form factors.
expansion.

We note in passing that, even if the Galilean contributions J. Inverse pion photo-production
were of the type proposed by BK, their importance would . ,
most likely be strongly suppressed. The reason is that these Another small electromagnetic correction comes from the

terms generate @-function interaction in the absence of Physicalswave photoproduction process p— yn acting
form factors. We therefore suspect thiN correlations on one nucleon followed by the inverse reaction on the other

would largely suppress such contributions, in analogy witH°"€: This double scattering process has nearly the same
the Ericson-Ericson-Lorenz-Lorentz effect fagrwave structure as the correspondisgvave charge exchange pro-

— 0 : I
ropagation in the nuclear mediugp. 140ff in Ref.[40]). cessm p— 1 in Eq. (1), but for the fact that the inter-
propag up (40D mediate photon now has momentum=m_ in the static

limit, such that

H. Isospin and m.ass difference correctlons. | B (1+m7T/M)2 - cos(kyr)
In the above expressions, we assumed that isospin hold3eD,= _Z/SW[EM(W—W PIN——)
for the calculation of double scattering and that charge sym- m (19)
metry holds for the single scattering. We now quantify the
effect of these approximations. BK have investigated the
consequence of the physical mass difference between Here the photoproduction amplituddey, (yn— 7 p)
and 7% and between the neutron and the proton in the mul=—31.4x10 3 m;l (Table 8.3 in Ref.[40]). This small
tiple scattering. They find an increase of the scattering lengtiharge dependent term is of orde2x 10~* m_*, which is
by about 3.5 10 4 m;l. The smallness of this term is in a magnitude less than the overall theoretical uncertainty; see
part due to a systematic compensation of single and doublalso Ref.[38].
scattering contributions in analogy to the compensation of
unitarity corrections to single and double scattering terms. As
an alternative approach we use the recent estimates of the K. Double p-wave scattering

violation of isospin symmetry from light quark mass differ- A small correction results from the-wave scattering due
ences and virtual photon effects in thdl scattering lengths  to nucleon motion at both vertices. This effect has been es-
[26]. We maintain only the effects of violations in the ampli- timated by BK for an analytically soluble deuteron model
tudes in the double scattering term in view of the systematiyith Gaussian wave functions. They find a contribution of
cancellation between single scattering and propagator modipout—3x 1074 m_*. We have included this small effect.
fications in the double scattering term. This leads to an in-
crease of the scattering amplitude by 880 4 m;l, nu-
merically identical to the previous estimate. It is not clear . o
whether these approaches represent the same physics and thig-inally, one may envisage a contribution from the scatter-
point should be further investigated. However, both resultdnd of the pion on a virtually exchanged pion in the deuteron.
indicate that the effects are small in the present context, alfowever, we are dealing with an isoscalar system, and such
though they will become of importance in the future. In view & contribution is proportional to virtual isoscalarr s-wave
of its smallness and since it is not at present establishedcattering and should be very small, from a chiral perspec-
experimentally, we have not included this correction, whichtive. In particular, since the deuteron is such a loosely bound
is within experimental uncertainties. It has, however, beer$ystem, one expects this term to be small. Robilotta and
included as an uncertainty in our estimate of Systematic er\[\/”k|n showed that |a.rge cancellations in a consistent treat-
rors. ment give only —5x10 4 m;l [53]. This is confirmed
by a recent chiral estimate of8 to —6x10™ 4 m_* [47].
I. Higher order multiple scattering corrections We adopt a contribution of{6+2)x10~* m_* from this

. . . effect.
In the present case the multiple scattering expansion i ect

rapidly convergent beyond the double scattering term. In the
fixed scattering approximation with separable interactions,
these higher order terms can be summed exactly to all orders. The different contributions from the previous subsections
BK calculated these terms approximately, assuming pointlikeare summarized in Table IV, using the final parameters from
scatterers. We have verified these calculations and reprodu&gys. (20) and (21) whenever appropriate. Consequently, the
their results. They have since improved the evaluation of thipresent energy shift in the~d atom leads to the following
small term, using form factors and find a stable contributionvalue for the coherent scattering length from a proton and a
to the scattering length of the order of6x10 4 m;l neutron:

L. Scattering on virtual pions

M. Results for the N scattering lengths
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0.01

group' also used the constraint from the pionic deuterium
shift, assuming the old calculation of Re43] to be accurate
enough and founa™ = (+16+13)x10 4 m;l ;a =(868
+14)x10 4 m_*.

From our evaluation here, we have achieved quantitative
control of the dominant contribution to the GMO relation
from the scattering lengths to about 1% or bettegﬁmTr. It
is interesting to compare our results with the extrapolations
of scattering amplitudes to threshold as given in Refs.
[55,56. They find the valuea,+,_. ,+,=(—770+30)

X104 m;l. This corresponds to a*=(57*15)
—00L T oo0 T o8 X104 m_' assuming isospin symmetry invariance and us-
(a _ —a _ )/2 (m —1) ing the experimental value far,-,_, .-, from pionic hydro-

T TP m gen. On the other hand, the charge symmetric scattering

FIG. 1. Graphical determination of theN scattering lengths l€ngth a, -, —n=(—917+18)x10 * m_* follows from
(az-pta,-p)/2=a’ and @,-p,—a,,)/2=a  from the con- Egs.(20) and(21) and within charge symmetry the two val-
straints imposed by the pionic atom scattering lengths. ues should be identical. According to E®) the estimated
effect of charge symmetry breaking in effective chiral theory
IS ay+p—a,-n=3X 104 m;l. The above values give, in-

)/2 (m_~1)

-, —0.00

T n

(a _+ a

a‘IT_ +a7'r_ .. .
%Z[— 12+ 2(statistica) + 8(systematig] stead, (14%35)x 10 “ m_*, 50 times larger than the ex-
pected value. Thus, unless charge symmetry is unexpectedly
X104 m_*. (200 badly broken, the scattering length of Rd5,56 based on

scattering experiments is implausible and should be rejected.
The high accuracy is a direct consequence of the very While the extrapolatio55,56 leads to important differ-

strong constraint provided by the~d atom level shift. The ~€NCes, it cannot, of course, be completely ruled out that
usual determination via phase shift analysis is difficult, sincé’th€r, more constrained, extrapolations frerhl scattering
it requires differences between large numbers. In the limit ofi@ta could lead to scattering lengths slightly different from
isospin symmetry, this quantity is the isoscalar scatteringh® ones found here. The origin would then most likely be
lengtha*. The main systematic error in E€0) comes from due_ either to isospin violation in the_ scattering data or, alter-
the uncertainty in the dispersive correction term and, to 4'@tively, to some unexpected modification of the least con-
lesser degree, from the form factor or nonlocality in the deurolléd part of our deuteron terms, such as the absorption
teron double scattering term. The small corrections for isoséontribution. In the d|sperS|on-relat|on-con§tra|n+ed extrapo-
pin violation in the double scattering term and for chargel@tion advgcated by Pavaet al. [11] they givea™ = +20
symmetry breaking in the single scattering on the deuteron<10™* m,* to be compared with £12+=8)x 10 * m_
are well within the stated uncertainties and have no substar@Pove. Interpreted as a modification of the dispersive term
tial influence on the result. due to deuteron absorption, it would require an increase by a
Combining the information from the experimental p ~ factor of 2 in this term in order to make the results compat-
and 7~ d scattering lengths with the constraints of the theo-iPle, which appears an implausibly large modification. We
retical analysig20), we obtain a substantially improved de- believe our result to be the preferable one, since it is a more
termination in the differencea(,-,—a,-,)/2 (this quantity
is, in the limit of isospin symmetry, identical to the isovector
scattering lengtta™): IAfter the submission of the present paper, the PSI group has
published a revised analydi54] based on the BK treatmef45]
and assuming strict isospin symmetry. They quaé=bh,
=—0.000T 5509 *; a =—b,=0.0885 005 . Their sys-
tematic errors are not well controlled. First, BK explicitly omit the
large dispersive correction, which contributes a term of the order of
X104 m;*. (21)  0.0030n_'toat. Second, thep interference contribution is neg-
ligible as we discuss in detail Sec. IV G, while it is derived in BK
A hical det inati f theseN ttering | th from an erroneous assumption with a value similar to that of the
. grap .'Ca . € ermlne} lon of these sqa erng eng S dispersive correction. The statement based on their [B¢f. that
IS Shown m_ Fig. 1, which also em_phgsmes that this is a[hespinterference term partly could contain part of the absorption
SUbSta_nt""?‘l Improvement on determlnf'itlons using only dat?erm is incorrect. In addition, the dominant contribution to their
from pionic hydrogen. The results are in excellent agreementeoretical error appears to be based on a confusion about the form
with the central values deduced from the pionic hydrogenactor correction. They introduce twice the BK form factor effect,
shift and width by the experimental PSI group, since it fol-counting it as well as afinexistent off-energy shell correction of
lows from Egs.(7) and (8) of Ref. [14] thata*=(—22 the deuteron wave function. This leads to an overestimate of the
+43)x10 *m_t; a =(905+42)x10 *m_'. The PSI lower systematic uncertainty from this sour@®uble countiny

ks

aﬂ'r’ p— aﬂ"n I .
— 5 [ 895+ 3(statistica) += 13(systematig]
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TABLE IV. Typical contributions toa,q scattering length in 210 — L
units of 104 m;l. - % Bizard (1966)
L TP 1 Davidson (1972)
Contributions Present work BKa5] I # Carter (1968)
a,-q4(double scattering; stajic —254(4)2 —252 - 140 -
Fermi motion 60(7) 50 'g
dispersion correction —56(14) not included ~%
isospin violation 35 35 o H % Bizard (1970)
(7~ p,yn) double scattering -2 not considered 70 r I Carter (1971)
form factor 17(9) 29(7) ; i Pedroni (1978)
higher orders 41) 6 “ smes & Zinov (1960)
sp interference small —44 0 7o E — SM99 L
nonstatic effectg 116) 10 0.0 05 1.0 15 50
p-wave double scatterings] -3 -3 k (GeV/c)
virtual pion scattering47,53 -7(2 not considered
FIG. 2. The experimental totat"p and 7~ p cross sections
total=a,-4—1.07X(a,-p,+a,,) —227(20 —198 below 2 GeVE [58—64 compared with the SM9F67] and SM99
[28] PWA hadronic solutions, where Coulomb barrier effects have
aq(experimental [39] —252(7) not been taken into account.

&The uncertainty from therN scattering lengths would typically

. . . 1992 Workmanet al. [10] gave the values—1.056 and
contribute =6 units to this term.

—1.072 mb based on the Karlsruhe-Helsinki and /NI
amplitudes of the time, respectively. In 1995 the VPI group

direct determination and fully consistent. The margin forgave the value-1.05 mb[24]. Gibbs et al. give a similar

modifications of our theoretical analysis is small.

valueJ™ =—1.051 mb[15]. In this case the dominant con-
tribution below 2 GeM—1.308 mb was evaluated using the
V. EVALUATION OF THE CROSS SECTION INTEGRAL SM95 phase-shift analysi&7] for the =N cross sections.
J7 FROM DATA These values are summarized in Table V.

The cross section integral represents only one third of the !N view of the importance of obtaining a clear picture of
total contribution to the GMO relation. This means that anth€ Origin of present uncertainties, we have reexamined this
uncertainty of(say) 3% in the integral would give only 1% problem in spite of the approximate consensus. %fhtet(_)tal
uncertainty in the coupling constant. At the present precisionS'0SS sections below 2 Ge¥/[58—-64 are shown in Fig. 2
and in spite of this insensitivity, this has now become one ofNd compared with the SM9E57] and SM99[28] PWA
the main sources of uncertainty in the determination oftadronic solutions. The typical shape of the integrdnds
the coupling constant. Since total cross sections tend to be€n in Fig. 3. As might be expected, the main contributions
inherently accurate, the evaluation can be performed witifome from the region of tha resonance and just above. It
precision, but for the high-energy region. There exists avould be false, however, to believe that this is the region that
vast amount of high quality data up to very high energies
(beyond 240 GeW) and, in the dominant region below RO e
1 GeVlc, there are detailed results from partial wave analy- 15
ses. The only previous evaluation with a detailed discus-
sion and clearly stated sources of errors known to us is ar__ 10
unpublished study of 1985 by Koch, which givds = ‘é
—1.077(47) mb[27]. Later evaluations find values within ~—

—

this band of errors, but the uncertainties are not discussed. li E 0

-~
TABLE V. Values of J™ from the literature. Quoted errors in- ': -5
clude both statistical and systematic uncertainties. ~10
Source J” mb —-15
Koch 1985[27] —1.077(47) —2000‘ T s 10 15 o
Workmanet al. 1992; KH[10] —1.056 ’ ’ k (GéV/c) ’ '
Workmanet al. 1992; VPI[10] -1.072
Arndt et al. 1995[24] —1.050 FIG. 3. The separate integrands fei"p, as well as for their
Gibbset al. 1998[15] —1.051(5)2 difference as a function of laboratory momentlatogether with
Present work —1.083(32) the cumulative value of the integral™ (k. integrated from
threshold tok=Kk,,,. The curves are based on the SM99 solution
aStatistical error only. [28]. The integrands are in units of mb GeV/
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TABLE VI. Evaluation ofJ™ in the A resonance region and up tematically increased by the attracti¢p@5,66. This effect
to 2 GeVk. Here “data” refers to “nuclear” experimental cross gives a positive contribution td~; the coupling constant

sections uncorrected for Coulomb penetration and “nuclear SM99'would be underestimated by about 3% neglecting such cor-
to the corresponding PWA cross sectiohs;andl , are the corre-

sponding integrals forr p and =" p, respectively, withJ™=1_

~1,.

rections. The dominant correction comes from thaeso-
nance regiorisee Table V). For total cross sections there is
little sensitivity to the detailed procedure: the Nordita ap-
proach is frequently usdd7] below 500 MeVE. The Cou-

Input k[Gevic] 1_[mb] 1. [mb] J[mb] lomb correction to the integrand at high energy, where the
Hadronic SM9557] 0.00 to 0.16 0.164  0.157 0.007 — total cross sections are nearly equal, is approximately
Hadronic SM99[28] 0.00100.16 0.162 0152 0011 (47%) "2A.sT(K)/k? with A;=3.7 MeV/c. For constant

: cross sections, the total correction above a momentuns k
Hadronic SM9557] 0.1610 055 1.078  2.763 —1.685  then typically 0.00K; * mb, wherek, is in units of GeVt
Hadronic SM9928] 0.16t0 0.55 1.071  2.767 —1.696  [g5]. It therefore rapidly becomes negligible above a few
Nuclear SM9928] 0.16t0 0.55 1.090 2.726 —1.636 GeVl/c.

Data[70] 0161t 0.55 1101  2.753 —1.652 As an illustration of contributions, the resulting fits to data
Hadronic SM9557] 0.551t0 1.20 0.800  0.414 0.386 [58-61,68,69 for the solution SM99 of Arndtet al. are

. ' ' ' ' ' shown in the range 0s5k;,,<2 GeV/c in Figs. 4 and 5.

Hadronic SM9928] 0.55to 1.20 0.789 0.411 0.378 . -
The recent VPI/GWU partial wave amplitudBWA) so-

Nuclear SM9928] 0.55to 1.20 0.804 0.400 0.404 . N .

Datal70 0510120 0816  0.400 0.416 lution up to 2 GeV¢ [28] is in good agreement with obser-

ata[70] 010 : : : vations with a few exceptions. We will therefore use the

Hadronic SM9557] 1.20 to 2.00  0.450 0.460 —0.010 hadronic cross sections deduced from this solution as a guide
Hadronic SM9928] 1.20to 2.00 0.451  0.458 —0.007 for the numerical contribution. We estimate its uncertainties
Nuclear SM9928] 1.20t0 2.00 0.458  0.450 0.008 below. We also give numbers from the earlier PWA solution

Data[70] 12010200 0459 0443 0016 SM95[57]for comparison.

produces the main uncertainty of the integral. There are
strong cancellations in the difference between the totap
cross sections in that region and the cross sections hajons below 160 MeW¢, but the hadronic cross-section
been very carefully analyzed. Systematic uncertainties corflifference can be well reconstructed from other consider-
tributing 2—-3% or more to the total™ are very unlikely
indeed:; if they occur, they will certainly have an important eters determine the result. The cross-section difference at

influence on other determinations of the coupling constant athreshold is

well.

In the following we examine in detail the uncertainties

A. The threshold region

no

There are no direct measurements of total cross sec-

ations. In this range the low-energy and p-wave param-

a0 =0 (0)=8ml(a, p)*~(a")?], (22

arising from various energy regions with different character-

istics (the numerical conclusions are summarized in Tablesissuming isospin invariance and neglecting the mass differ-
VI and VII). In Sec. VA, the threshold region below ences. Here the first term is accurately known from4hep

160 MeV/c is dominated by thes- and p-wave threshold atom, as previously discussed, and the second term is ex-
parametersg-wave contribution of about6%, p-wave one tremely small. With increasing energy tipewave contribu-

of about—6%). In Sec. V B, theA resonance region from tions of opposite sign, governed by the tail of thereso-

160 to 550 MeV¢E, in which the major phase shifts are very nance, take over and compensate shgave term beyond

accurately known(main contribution of about 155% In
Sec. V C, the resonance region from 0.55 to 2 GeWhich
is partly dominated by higher resonances with mostly highsent about 6% each of the tothl. The uncertainty is domi-
quality data(about —33% contributiof. In Sec. VD, the
high-energy region and the asymptotic region from 2 GeV/ swave range terms, while the accuraie p scattering
to « (totally about—22% contribution; about half origi-
nates from the asymptotic region beyond 10 GgVior
which data are accurately described by asymptotic expresincertainty and even if this uncertainty is underestimated

sions.

The total cross sections in the integdal are the hadronic
ones. The experimentally defined total cross sections diffeplds breaks the isospin invariance leading to a potentially
from these due to the electromagnetic corrections. These agignificant correction, in particular, since the p total
nearly model independent in the present context. They areross section diverges at threshold due to the opén
proportionally more important in the difference between thechannel. The smallness of the contributions from the thresh-
cross sections, since the' p total cross sections are system- old region hints at a small correction. We have investigated
atically reduced at all energies by the Coulomb repulsiorthis effect using a simplified model based on tle
between the particles and, conversely, thep ones are sys-

100 MeV/c. These two terms contribute togethe0.011 mb
[28], but taken individually thes- and p-wave terms repre-

nated by the error in the rather small contribution from the

length is imposed in the SM99 analysis. The corresponding
error inJ~, of about 0.5%, is not a major source of overall

this has little importance.
The 3.3 MeV mass difference in the p and#°n thresh-

and p-wave low-energy parameters only. The dispersion re-
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TABLE VII. Different contributions toJ~ as function of thek range and of the input data. The first
number in the parenthesis is the statistical error, while the second numbers correspond to the systematic
uncertainty. The selected data correspond to the world data as given by PDG Tables, where we have sup-
pressed all data with statistical and systematic errors larger than 1%. Lines labeled “selected” and “data”
refer to “nuclear” cross sections.

i Input k(GeVl/c) 1 _(mb) I . (mb) J (mb)=1_-1,
1 SM95(57] 0.00 to 0.16 0.164 0.157 0.007
2 SM99[28] i 0.163 0.152 0.011
3 Selected 70] 0.16 to 2.00 2.3602) (3) 3.596(6) (1) —1.237(6)(4)
4 Data[63,62 g 2.377 (3) (2) 3.596(5) (2) —1.219(6)(4)
5 SM95[57] 0.00 to 2.00 2.492 3.794 —1.302(6)(20)
6 SM99(28] " 2474 3.788 —1.314(6)(20)
7 Selected 70] 2.00 to 4.03 0.56@2) (3) 0.496(1) (5) 0.064(2) (7)
8 Data[60,75 " 0.580 (1) (5) 0.518(1) (5) 0.063(1)(10)
9 Selected 70] 4.03 to 240 2.6724)(10 2.539(3)(12) 0.133(5)(22)
10 Fit PDG94{76] " 2.645 2.489 0.155
11 Regge 9476] 240 tooe 0.030(5)
12 Regge 0080] ” 0.025 (4)
13 Regge 9§70] 0.018 (3)
14 6+7+10+11 0 too —1.05510)(31)
15 6+7+9+11 " —1.087(9)(31
16 6+7+9+13 " —1.099(8)(31)
17 6+7+9+12 " —1.092(9)(31)

lation must now be evaluated using the imaginary part othe integralJ~, which is negligible compared with other

the scattering amplitude If=4mko', which is well be-

haved at threshold, but which differs from zero below the
physical 77~ p threshold. The correction occurs predomi-
nantly in the 6%s-wave term. The approximate modification

up to the momentunk;=160 MeV/c is of O(— «?/2k3)

uncertainties.

B. The A resonance region

This is the main contribution to the integral and it must be

=-0.02, whereK2:0.045me is the w° squared momen- accurately evaluated. The resonant 33 wave dominates

tum at threshold. This represents—-0.1% contribution to

70

heavily and its behavior is strongly constrained by other ex-
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FIG. 4. Ther™ p experimental total cross sections in the region
0.5<k=2 GeV/c [58-61,68 compared to SM9928] with Cou-

lomb barrier effects accounted for.
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FIG. 5. Thew*p experimental total cross sections in the region
0.5<k=2 GeV/c [58-60,68,69 compared to SM9928] with

Coulomb barrier effects accounted for.
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periments and theory. The main contribution comes from theartly compensating the contribution from theresonance
7" p cross section, which is approximately three times largeregion. The remaining region contributes little, but is a minor
than thew ™ p one. source of uncertainties.

The systematic uncertainties are more important than the It is interesting to quantify the difference between a state
statistical ones. In order to judge their importance, we firsof the art phase shift solution and data in more defsgle
evaluated this contribution directly from the experimentalTable VI). In the region of 0.55 to 1.2 Ge¥/the nuclear
«* and 7~ data sets taken separately, with statistical errorSM99 solution gives 0.012 mb less contribution to
added in quadraturg70]. The result is—1.6526) mb. It J (—1.1% than the direct experimental cross sections,
differs by only 0.020 mb from the corresponding quantity while from 1.2 to 2 GeV¢ the corresponding contribution is
evaluated from the phase shift solution SM99. Since the tota.008 mb les$—0.7%). The overall e.m. corrections to the
cross sections have incoherent sums of the squared partiategral in this region 0.041 mb or 1.3% gf/4 (see Table
wave amplitudes the large, accurately known, phase shift§l). The SM99 solution assumes a point charge distribution.
dominate. The phase shift solution incorporates strong addimproved Coulomb corrections using an extended charge
tional constraints and eliminates minor inconsistencies in thélistribution [72] are being implemented in the phase shift
data and is preferable to the raw data. The e.m. corrections &olution SP02, but the results are little chan§ggl. Assum-

J~ come mainly from this region. They are only weakly ing pessimistically that the correction is accurate only to
model dependent and are included in SM99 using the Nor33%, the overall uncertainty from this source would still be
dita procedurd67]. This correction amounts to 0.060 mb as only +0.014 mb inJ~ or £0.4% in the coupling constant.
seen in Table VI for the difference i~ evaluated hadronic The main uncertainty is therefore not due to the e.m. correc-
vs nuclear cross sections from the same phase shift solutioHON: but to systematic differences between SM99 and data. It
This well controlled correction increases the coupling con-cOMes mainly from the region just above 550 Meyias
stant by only 1.8% and it represents the main e.m. correctionfill Now be discussed. _

Its uncertainty is at least about 4—5 times less, since it woulqzAt the low energy end of the region between 550 and

otherwise seriously affect many conclusions derived fron < 2os?gi:/£i,cﬂr]lgfcﬁrerVil'?hntgr;zt?gtczlllnc?rggsesgrcr:]tieonr:a(;gtg)blTirgze
the dominant 33 amplitude. Its contribution to the overall Y '

uncertainty of the counling is therefore nearlv nealiaible of Davidsonet al. [59] have an incorrect energy calibration,
y ping Y NEGUgIe- 145 low by about 10 MeW, and its 72 data points must

: . . %ither be recalibrated or eliminated from the analysis
experimental cross sections dominated by the data of Pedrom1 23,74. Similarly, the SM99 solution, driven by modern

etal. [63]; the cross sections from Cartet al. [62], which 544y distributions, is systematically lower than thep
dominated the analysis in the 1980’s, would lead to @ More 5t of Carteet al. [60] below 700 MeVE, a region where
negative value fod ~ and, correspondingly, to @NN cou-  gata for experimental reasons, are less reliable than at higher
pling constant larger by about 1%. The hadronic SM99 totabnergies. These points have been omitted from the PWA
cross sections do not contain the inverse photoproductioana|ysis[11,74] (see also Fig. ¥ This discrepancy is larger
cross section, which contributes 1 nib.5% of the total  than the e.m. corrections in the same energy region. Under
nuclears™p cross section at the resonance peak. This is &he circumstances we have preferred to use the SM99 PWA
negligible source of uncertainty. solution as the best guide, but we use the difference with
The A mass splitting may also affect the coupling con-data as a liberal measure of the uncertainty. We therefore use
stant deduced from determinations basednow data. The the overall SM99 contribution from this region of 0.378
empirical isovector mass splitting directly observed in the+0.020 mb.
null experiment by Pedroret al. [63] corresponds tdvl 4o
—M,+=1.38(6) MeV. To our knowledge, there exists no D. The high-energy and asymptotic regions
information on the isotensor splitting, and we neglect it. With . i ) ) N
respect to strict isospin symmetry and with the effective | Nere exists abundant experimental informationmorp
position of theA resonance that of tha *, the correction to  CT0SS_sections to high precision from 2 GeVlp to
J~ is approximately 4Kl ,+—M y0)/3(M y—M)=—0.6%, 350 G_eVb. T_he main uncertainty i)~ in this region is
which wouldincreasethe coupling constarg§/4w by 0.2%. associated le[h the relatively slow convergence of fche inte-
The same conclusion follows from a study by Arrdtl] gral. At energies beyond 4 GeWihere has bee’.‘ an impor-
who used a mass splitting of 0.2 MeV and the same effectivéant effort to measure qnd ana+lyze cross sec_:tlons, since the
A position. The corresponding changedn is only 0.05%, Issue of Fhe rate at wh|c_h th@*p cross sections become
which scaled to the observed mass splitting contribute?symptm!ca"y equal, IS _Important the_ore'ucally . for_
0.17% tog2/4. Consequently, the mass splitting does notéSymptotic theorems. The discussion below is summarized in

T . Table VII.
significantly influence the value @*/ar. The region 2k=4.03 GeVt has been calculated using

the Particle Data GroupPDG) 1998 tableg70] (see also
[60,75) and gives a moderate contribution of 0.064 mb, with
This region from 0.55 to 2 GeV/is, as a whole, well a modest=0.007 mb systematic error. The statistical uncer-
measured and is analyzed in SM99. The contributions to th&inty is small. Beyond this region, cross section data with
integral are positive and rather important up to 1.2 GgV/ considerable systematic and statistical accuracy exist from

C. The resonance region
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4.03<k<370 GeVt and are listed in the PDG tables tion ranges, as given in the tables, the systematic error was
[70,76. We first evaluated the contribution directly from the calculated by varying the experimental results inside the in-
precision data. This gives 0.133 mb in the range 4R3 terval defined by the quoted systematic error. The full sys-
<240 GeVk, with a small statistical error and a systematictematic uncertainty was obtained by the quadratic sum of the
error of about=0.022 mb or+1.8% inJ". In addition. the €'TOr in each interval, since their origin is different. We then

1994 version of the PDG tabléZ6] also lists a fit to these confronted these results with the analogous quantities ob-

data from 4.03 to 240 Ge\¢/(Table 33.3. Using the fitted te_un_ed from the pgrtlal wave anz_‘;\IyS|s SMQQ.‘ _The main de-
viations occurs in the experimentally difficult region

expression, we have evaluated the contribution in the samg e 670 GeM. Since the partial wave solution incorpo-

interval as above using this expression and find 0.155 mtf’ates additional experimental constraints, we consider it su-

This is 9'022 mp higher than the value of 0'133_ mb by direc erior to the direct data in the crucial region and we base the
evaluation, but in good general agreement. This larger valu

. . rther analysis on the PWA solution SM99.
has been used in several previous GMO evaluatj8ns|. We then examine the e.m. corrections. These are under

we prle;er the lower value as more transparently linked to th?heoretical control inside the PWA analysis. The uncertainties

actual data. . . .. in these corrections are less important than the systematic
Finally, there is a small, but not negligible, contribution ierance between data and the PWA solution. The conse-

from th_e very high-energy region ffom 240 Gevib . We guence of thel mass splitting is negligible.

determine this from the Donnachie-Landshoff Regge fit to" 14 10w energy region below 0.16 Gay/contributes

the data[77], which de_scnbes the pbservgd Cross SectioNiiie to J~ and there are no experimental total cross sections

difference well at the highest energies. This fit is a sum %% this region. It is strongly constrained by the p scatter-

m’o Reggz fcermsl, one Ia'rlsmg from Pomer%n exchﬁnge ar g length and the tail of th& resonance such that it can be
€ second from lower-lying resonance exchange. 1t gives gq controlled without the necessity of e.m. corrections.

contribution of 0.030 mb. Alternatively, one might consider : : . L .

. ; The systematic uncertainty has its origin principally in the
gse'ngetg(:)st.r:]r?ﬁ:i;n;g(gng?;g‘:gzzﬂeégn;n(:].tgﬁo fo;;he region above 4 Ge\. There is also a sizable systematic
0 0%98 mb IThis low value is not sur risin. ,gnlce tghI:a/ 1998uncertainty that is due to the inconsistencies ofhe data
P'DG para'metrization gives a differer?ce Zg% lower than the. the region 550700 Me, although we have probably
PDG 1994 one in the region above 200 GeVAt variance overestimated this uncertainty. We find from Table VII, rows

with the data[78]. At lower energies, this parametrization 15-17, that three different descriptions, based on the SM99

: . . PWA below 2 GeVt, give values in a rather narrow range;
s e whve i oo et s smoray 1 ot oy L097=01009-0.031 mb.1099=0.008-0.031 mb.and
e 9 9y —1.092+0.009-0.031 mb. The difference between these

setr\gg[ifoggrol ?gé?oﬁ)z(gtriisns'svne;illéecorgp:;gznwgh dgngv_alues is smaller than the estimated systematic uncertainty.
¥, Redg ' 99 9 9€We also give in row 14 the less negative result obtained with

eracy, and generalized vector dominance md@&6l. This . :
Y . the older SM95 PWA below 2 Ge¥/and the fit PDG94 in
parametrizatiofisee Eq(13) and Table 1 of Ref.80]] gives the momentum range from 4.03 to 240 GeV/J =

a contribution of 0.025 mb. The corresponding uncertainties,

given in Table VII, come mainly from the 4% uncertainty in 1.053£0.01G+0.031 mb. We _ha_ve chose_n the average of
X . : these four values as characteristic of the integral. The sys-

the Regge intercept. This spread of values according to the

model considered for the fit introduces an additional systemJEematIC uncertainty provides an adequate band of possible

atic uncertainty of 0.006 mb from this high-energy region.values’ so that

The integrated Coulomb correction above 2 GeV4 negli- J = —1.083+0.009+ 0.031 mb. (23)
gible, since it is only 0.003 mb using the estimate of Ref.
[65] as given in the beginning of this section. Our result forJ™ is close to the unpublished value of
Koch [27], I = —1.077=0.047 mb, which is the only pre-
E. Summary of the results forJ~ vious explicitly documented and detailed evaluation known

to us. The main difference in the input data with Koch is an
rT]jpdated evaluation of the contributions from the high-energy
egion and better control of e.m. corrections. We show also
hat theA mass splitting is unimportant and include an im-
8roved discussion of the threshold region using modern data.
It is important to realize that the main uncertainty 36
comes from the very high energy contribution. It is difficult
to ascribe a major uncertainty to the Coulomb corrections.
We note that the previous evaluationsJof quoted in Table
¥/ without uncertainties stay within our range of errors.

The purpose of this section has been to establish the i
portance of different energy regions for the integtal and
their contribution to the uncertainty. Since there exists tota
cross sections from state of the art partial wave analysis up t
2 GeV/c we first studied the accuracy to which such an ap
proach describes contributions 30 based on actual data in
the region 0.16 to 2 Ge¥/ To this end, we evaluated the
contributions toJ~ from data in different energy regions
with no Coulomb corrections other than those introduced b
the experimental authofsuclear cross sectionsThe results
are summarized in Tables VI and VII. The statistical uncer-
tainty in the evaluation is small. The trapezoidal formula was
used to integrate the data and the corresponding statistical In conclusion, we summarize our work as follows. We
errors were added quadratically. Within the different integrafirst derived new values for theN scattering lengths, using

VI. RESULTS
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the =~ d atomic data analyzed in an improved theoreticalnant systematic uncertainty comes from the region above
approach. The statistical and systematic uncertainties contri# GeV/c. Previous determinations using the GMO relation
butions were thoroughly examined. The correspondingl [10,14,15,24 will all give similar results, provided one uses
scattering length gives a nearly direct determination of thehe empirical scattering lengths, which are by now well
small “isoscalar” =~ N scattering length to good precision. established.

From this constraint together with the" p scattering length  The value,g2/47=14.11, which we obtain for the cou-
from pionic hydrogen we obtain a high precision value alsopjing constant is intermediate between the low value of about
for the isovector length. In fact when we examine the basic; 3 g yeduced from the large data bank$\of and 7N scat-
experimental input of the highly accuratgly quoted S,CatterinQering data using the PWA approafh, 12,9 and the high
Iengtth daj[T ’Ph’. dr:aduced frorg ther fp atc(;rr;;]c te?r(]argy shift and” value of 14.5226) from np charge exchange cross sections
quoted to high accuracy0], we found that there are sma |;2]. The uncertainties in the determination of the coupling

inconsistencies in their current procedure at the level Of Snstant usina anv method are dominated by svstematics
+1%. This should be improved, since the precision is other- g any y sy '

wise unsatisfactory for the determination of th&IN cou- Consequently, we have refrained from combining our result

pling constant. In addition, the experimental accuracy is nowVith those from other approaches. However, if the systematic

so high that systematics in the theoretical analysis of th&'Or Were to have Gaussian distributions, our result differs
7~ d scattering length is the main source of uncertainty infrom that of Uppsalg2] by only 1.25 standard deviations

the disentangling of the isospin components of té scat-  (21% probability and from that of Pavaet al.[11] by 1.7
tering length. The dominant limitation to higher accuracy isStandard deviatione3% probability. The PWA results have
the dispersive contribution from the physical absorption pro{robably systematic errors far larger than the small statistical
cess7 d—nn. A thorough modern reexamination of this €rrors to judge from the corresponding situation using the
contribution is highly desirable. Our analysis does not asdata banks with dispersive constraifitsl], but this is not
sume strict isospin symmetry, although we do not see angluantified yet. The modification of the value &f required
signs of violation at the present level of precision. Weto accommodate a value of 13.6 is about 10%. The major
present the results, however, so that they can be directly usdrt of such a modification would most likely come from the
in discussions of the validity of this symmetry. The valuesregion above 2 Ge\d, which implies changes in the contri-
we find using the empiricak~p and 7 d scattering lengths butions from that region of the order of 50%. Such large

from Sec. IVA, Egs(20) and(21), are changes appear unlikely to us.
We therefore conclude that the present evaluation of the

GMO sum rule, with quantitatively controlled uncertainties
+_ 8 ptagzn -4 -1 in the input values for therN isoscalar scattering length, as
=-TP T 1=(-12+2+8)x10 *m_*, (29 P N ISC g fength,

2 well as for the cross section integrdl’, does not readily
support the conclusion of the indirect PWA determinations
that therNN coupling is close to 13.6. It should be noted

~_ 8 p" @ 4 -1 that lue h istently b luated i -
a =—L_—""=(895+3+13)x10 *m_ 1. (25 hat our value has consistently been evaluated in a conserva
2 tive way, such that the parameters used in the evaluation
systematically lead to a value for the coupling constant,

These values are based on theoretical improvements di§hich is somewhat on the low side.

previous work.[See also comments and footnote after Eq. The strongest support for a relatively low value of the
(21).] coupling constant comes from the careful dispersive analysis

a

Our second conclusion concerns the charg@dN cou-
pling constant, which can be derived from the GMO forward o
dispersion relation, using our new, accurate value for the “After the submission of our paper, the PSI group evaluated the
symmetricN scattering lengtti24). Use of Eq.(4) assum- GMO relation from scattering lengths obtained using the BK cor-

ing charge symmetry and with input values from E6® rections to the pion-deuteron scattering lengid]. We have dis-
(24) as well as withJ~ = (— 1.083+0.009+0.031) fror;1 cussed the problems of this determination in Sec. IV M, footnote 1.

Their quoted valug?/47=13.89" }33is consistent with our result,

Table V gives but the systematic uncertainties are not well controlled. In particu-
lar, there is a substantial additional systematic error of about 0.25 or
g§/4ﬂ-:(4,87i 0.04+0.14 +(9.12+0.02+0.10 more from the isoscalar scattering length. In addition, they use a
value for J- derived from an average of those given in Refs.
+(0.12+0.02+0.08 =(14.11+0.05=0.19. [10,15,24 with the spread of values as the only uncertainty. Of

these values, tw@Refs.[10,24]) do not state any uncertainty at all,
while Ref.[15] states the(small statistical uncertainty only. In
o . __ particular, the rather large uncertainty from the high energy region
The uncorrelated statistical and systematic uncertaintieg_240 GeV¢ is neglected. Note that the Particle Data Group 1994
have been added separately in quadrature. The main uncef-to the region 4—240 Ge\¢/ gives a+0.02 mb higher contribu-
tainty is no longer dominated by the scattering lengths, bution to J= (Table VI, line 10 than the direct data of the 1998
comes as much from the weighted integ¥al of the differ-  version(Table VI, line 9. The latter corresponds to a 0.10 higher
ence between the charged-pion total cross sections. Its domialue of the coupling constant.

(26)
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by Pavanet al.[11], based on the VPI/GWU PWA descrip- plained discrepancy with those PWA analyses on which the
tion of wN scattering. It selectively concentrates on pion-argument for a low coupling constant is based.
dominated amplitudes. They find a value of 13t1B01 In order to facilitate future improvements on the present
+0.08, where the first uncertainty is statistical and thework, we have presented the various corrections in such a
second systematic. The authors use a variety of dispersiwgay that modifications of any individual contributions can be
methods and find™ = +0.0020< 104 m;l. This value is  readily incorporated without the necessity of a complete re-
small, but it has the opposite sign from ours. They evaluat@nalysis. We see three main areas in which the present work
the GMO relation as a consistency check and find a value ofan be improved. First, theoretical investigations of the rela-
95/477: 13.75, in agreement with their dispersion result.tion between the hadronic energy shift of the pionic atom and
Since their evaluation is constrained by the experimentalhe scattering length should diminish the present uncertainty
~p scattering length and their value for the dispersive in-in the deducedr~p and = d scattering lengths by a factor
tegrald~ is nearly the same as ours, which is based to a larg€f at least 2. Second, the measurement to high precision of
extent on their PWA analysis, the difference with our resultthe width in pionic hydrogen should give a separation of the
must be almost entirely ascribed to the difference in thdSOsSpin components in the™ p scattering lengths to similar
value ofa®, a small quantity, which is difficult to calculate Precision as that obtained from the deuteron data, but with-
from scattering data. The origin of this difference is notOut invoking deuteron structure. Third, studies of the disper-
known yet, but it might originate in the treatment of small sion shift for threshold pion absorption on the deuteron
electromagnetic corrections to the scattering data. The mingihould eliminate a major uncertainty in the theoretical treat-
inconsistency in their analysis is of little importance for mostment of thew~d scattering length. This would allow the
of their discussions, but it becomes highly relevant in themNN coupling constant to be determined to 1% precision.
present context.

It is interesting to examine the consequences of our analy- ACKNOWLEDGMENTS
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This corresponds to @NN monopole form factor with a  1Sh Royal Academy of Sciences. Laboratoire de Physique
cutoff A =800+ 80 MeV/k. There exists no direct experi- Nucléaire et de Hautesrtergies is Unitede Recherche des
mental information on this form factor, which is inherently Universites Paris 6 et Paris 7, assoeiau CNRS.
an off-mass-shell quantity. On the other hand, within the
framework of PCAC, it is naturally expected to be similar to APPENDIX A: EXPRESSIONS USED FOR THE
the axial form factor of the nucleon, a dipole with a 1 GeV/ ELECTROMAGNETIC CORRECTIONS TO THE
cutoff. This expectation has been confirmed in many models, EXPERIMENTAL &~ d SCATTERING LENGTH
using a variety of approach¢81-89, beginning with Ref We here give details on expressions we used in the evalu-

[81]. Such values are fully consistent with our findings for ; ; -
the coupling constant. In contrast to these rather soft forn@tion of the electromagnetic corrections to the experimental
ering length. One can write, witif= w?—m?>

factors, the deuteron properties, and in particular its quadry@ d scatt _ ™
pole moment, require an effective cutoff of 1.3 Gewsr  the low-energyrN amplitudes as
more, since the tensor force otherwise becomes too weak

[50,86. It is, however, believed at present that this hard ef- aﬂ—p(w)=a++a‘+(b++b‘)q2,
fective form factor is generated by the correlated exchange
of an interactingmp pair, which generates additional tensor a.-(o)=a‘—a +(b"—b)q2 (A1)

strength, when explicitly accounted for: the true one-pion-

exchange form factor is soft¢87—90. A low value for the . . _ 43 N

coupling constant should therefore not be considered an adfohler [23] glve§4b _:3(133i 60)x10"m, " and b

vantage in resolving the Goldberger-Treiman discrepancy. =(—443%67)X10""m_~. The = d single scattering
Additional support for a coupling constagf/4m some-  t€rmis

what larger than 14 comes from the recent measurements by

Raichleet al. of polarized np total cross sectiof&l]. From S=7\1[a,7—p(w)+a7,-n(w)]=2)\1(a++ b*g?), (A2)

these, the pion-dominategj parameter can be determined.

They find that it is systematically larger than the values inyhere

the phase-shift analysis PWA93 of the Nijmegen grpép

If the discrepancy persists in other PWAS, this observation

suggests, as a possible partial explanation, that the PWA cou- — (1+m,/M) =1.0691 (A3)
R . . . 1 . .

pling constant is too small. In any case, it points to an unex- (1+m;/My)
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Minimal coupling corresponds te—w—e\V, i.e., a;-g=N(a;ptazn)

aﬂ'_p+aﬂ'_n 2 aﬂ'_p_aﬂ'_n 2

P’=w’—m2—(o—eVe)>—mi=q’—2ewV, thol |5 “2|——5 | [(f(nin)

where the Coulomb field/. originates from the extended +a(Fermij +a(dispersion + éa, (BY)
deuteron charge distribution averaged over the deuteron mat-
ter distribution. One then has, for the single scattering term”here
the electromagnetic correction )

A= (1+m, /M) =2.4560 (B2)

AS=—4x,m b e(Vi(r)), (A4) 2 T(A+m Mg T

where, for point particles and in terms of the relative deu- f(r)=1-(1+cr/2)exp—cr), (B3)

teron coordinate, ] _
and with the sum of small correction terms

e(VdC(r))=a><< J dr’Lr:)> sa= sa(multiple) + sa(isospin + da(nonstatig
([r=r'[72) + da(m p,yn)+ da(doublep wave
=2a(1Ir)en + Sa(virtual pion). (B4)
=2a><f f drdr’p(r)p(r")X(1r—r'[) Assuming isospin symmetry in all terms but the leading or-

der one, and emphasizing the accurate experimental knowl-
edge ofa,-,, we have

=4axfwdr[u(r)2+w(r)2]
i 8, 4= M8y g, o) A2 2= 2(a, p—a*)?]
><(1/r)frdr’[u(r’)2+w(r’)2]. (A5) X{f(r)/r)+a(Fermi+ a(dispersion+ da. (B5)
0

) The correction for nucleon motion is, according to Ety),
For both the Parig49] and Bonn2[50] deuteron wave

functions (1/r)¢,=0.300 fmr ! and e(Vi(r))=0.86 MeV, )2 m,
then Her e a(Ferm) =2\ grm )\1C°< pv* M+rFr)1 >
(B6)
AS=(12+2)x10 *m_*.
where the form factor correction is negligible ang)
The alternative evaluation, which gauges then inter-  =0.208(3)m,* (p. 18 in Ref.[40]). The dispersion correc-
action with the Coulomb field from the static spectator pro-tion has been taken to bea(dispersion)y=—56(14)
ton, gives X 10~* m_* [42]. The remaining values of the small terms
are taken to be (see text da(nonstaticy11(6)
AS=—2xm_(b*—b7)e(VR(r)) (AB) X104 m;l , da(doublep wave)=—-3x10"4 m;l and
sa(virtual pion)=—7(2)x10 % m_*. In addition it is de-
with sirable to control the convergence of the multiple scattering
expansion explicitly. We have evaluated the higher order
e(VE(r))=a(1/r)=0.661) MeV, (A7) multiple scattering corrections from the expression given by

Kolybasov and Kudryatsev for the sum of the multiple scat-
tering series to all orders for pointlike scatterers, in the static

proximation and neglecting binding and recoil corrections
[92]. We have, however, generalized their expression to in-
clude the effect of separable form factors for each scattering

f(r)
.

using the average inverse deuteron radius of Paris and Bon
models, viz.(1/r)4=0.456(7) fm 1. One obtains,

AS=(6+1)x10*m_*.

2ha" +N[ati-2(a,p—at)?]

da(multiple) =<
APPENDIX B: PRACTICAL EXPRESSIONS FOR THE
THEORETICAL =&~ d SCATTERING LENGTH
FOR SEPARABLE SCATTERING INTERACTIONS X[(1— C)*l— l]> , (B7)

We give here full practical expressions for the theoretical
m~d scattering length for separable scattering amplitudesvhere C=(1+m, /M)*a*?~2(a,-,—a*)?1f*(r)/r% In
with a dipole form factow?(q)=(1+q?%c?) 2 order to extract the value ofa(-,+a,+,)/2 from the ex-
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perimentala -4 anda,-,, we now observe that EGB5) is
quadratic ima™ except for higher power terms from the small
da(multiple) of Eq.(B7). To check the self-consistency with
da(multiple) it should be solved iteratively. We have done
this with the experimental values and the resultig is
small (about 10° m_?). Equation(B5) can then be safely
linearized for a fixed value ofa(multiple) and the consis-
tency checked by iteration. We have

PHYSICAL REVIEW @6, 014005 (2002

a,pta,n
PR = (20 4

exp -1
=P (F(1)Ir)

exp
7 d

exp

X[a_=4+2Na

p2<f(r)/r>—a(FermD

—a(dispersion— sa]. (B8)

Two iterations are sufficient.
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