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The recentr* p differential cross-section measurements between 20 and 100(Melv lab kinetic energy
have been analyzed in the context of an extended threshold expansiorkofithix. The analysis shows that
the bulk of the database is self-consistent. Our results isthehannel disagree with the ones obtained in the
Karlsruhe phase-shift analyséwhich have been based exclusively on the altll databasg we report
differences of(approximately one degree in the corresponding phase-shift values and of almost 25% in the
s-wave scattering length; (our value:a;=—0.077=0.003m_, 1. These differences reflect the extent of the
discrepancy between the old and the new low-enerdp database; they cannot be attributed to the method
of the analysis. A comparison of the present result fordbevith the values of therN scattering lengths,
recently obtained from measurements of tlseehergy-level shift and width in pionic hydrogen and deuterium,
leads to the conclusion that, within the pres@xperimental and theoretigalccuracies, the various results are
not incompatible with the isospin symmetry of the strong interac{i80556-281®7)05901-3

PACS numbsgs): 13.75.Gx, 25.80.Dj

I. INTRODUCTION results of which have traditionally been used in several ap-
plications, are exclusively based on measurements conducted
Thanks to the construction of the three meson factoriedefore 1980. With two exceptiorise., the experimental data
(LAMPF, PSI, and TRIUMF, the pion-nucleon£N) inter-  of Bertin et al. [5] for the =" p reaction down to pion lab
action has been subjected to a considerable experimental sikinetic energyT .=20.8 MeV and those of Bussey al. [6]
vey during the past two decades. The existence of these higlfer both elastic processes down to 88.5 Mete input data
quality measurements allows one, for the first time, to entefto these analys¢game from energies above 100 MeV. Us-
the question of the violation of fundamental symmetries ofing the techniques of the dispersion analysis and theoretical
the underlying theoryisospin symmetry and chiral symme- constraints, predictions for the low-energy regidmelow
try) quantitatively. At low energies, the theory describing the1l00 MeV) have been obtained. It was quite surprising to
interaction—the quantum chromodynam{€CD)—is highly  discover(in the early eightiesthat these predictions do not
nonperturbative. Due to this reason, an effective-field apmatch the results of the meson-factory low-energy experi-
proach (respecting the properties of the QCD Lagrangian ments. This mismatch implied a significant disagreement be-
has been put forwar@for a recent review, see Rdfl]) to  tween the oldessentially meaning the measurements of Ref.
account for the low-energy hadronic phenomena: the chiralf5], which, apart from one exception, are well reproduced by
perturbation theory xPT). This approach, which is a pow- the Karlsruhe analysgsand the new low-energy database;
erful tool in the hands of theoretical physics, has recentlyalthough the subject has been brought forward many times
achieved predictions for the isovect@N scattering length (e.g., in contributions to therN Newsletter{7]), the discus-

b, [2]. sion about the source of the disagreement does not seem to
The interest in the field of pion physics has graduallybe particularly constructivg8]. It is quite unfortunate that,
shifted to the low-energy domain. This is due to several readespite the abundance and the quality of the recently ob-
sons. First of all, the lower the energy is, the be®T is  tained low-energy experimental data, no analysis of these
expected to workthe effective Lagrangian is expanded in a measurements exclusively, in terms of phase shifts and of
Taylor series in the momenta involvedAdditionally, the  scattering lengths and volumes, has so far been performed.
lower the energy is, the more important the isospin-breaking The investigation of the question of the isospin-symmetry
effects are expected to become; this is due to the fact that tHereaking in therN system necessitates the separate analysis
(kinetic) energies, associated with the interaction, becomef the three possible low-energy experimentally-accessible

then comparable to the& and d quark-mass difference reactions, i.e., of the two elastic processesp and of the
(which is the source of the isospin violatiofThe amount of  single-charge-exchangéSCX) reaction 7~ p—’n. As a
the breaking of isospin in theN system, along with a com- first step, in the present work, we analyze the recehp
parison with chiral-symmetry predictions, will eventually low-energy differential cross section®-15. The self-
lead to the determination of theandd quark massegl]. It ~ consistency of the experimental data is investigated. New
is evident that the lowe(in energy the experimental data phase-shift values will be extracted exclusively on the basis
extend, the higher the precision of such a determination wilbf these measurements and a newave scattering length
be. a; will be deduced. Our results will be compared with the
The Karlsruhe analysedKH80 [3] and KA85[4]), the  ones obtained in Ref$3] and[4].
The choice of the elastie™ p process has been made on
the following basis.(1) The interaction is simpler since it
*Electronic address: matsinos@psi.ch involves only the isospih=3/2 amplitudes(2) Most of the
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discrepancy in the low-energy region is associated with the 1

" p channel.(3) The scattering lengths, corresponding to K§311(6)Ea+b6+ ce’. (4)

the elasticm™ p and the SCX reaction, have recently been

obtained experimentalljl6], as has the scattering length for

the elasticm—d reaction(which is related to the isoscalar |n the previous expression, the parametds the scattering

N scattering lengttn,) [17]. It will be interesting to com-  |ength. The scattering length, corresponding to$kechan-

bine these results with ours in order to check the isospinnel, is usually denoted bg.

symmetry conservation in theN system at threshold. In the P53 channel, a smooth dependence of the
There are good reasons to perform the analysis of th&-matrix element ore has been assumed:

" p elastic-scattering reaction with the low-energy data ex-

clusively. Above 100 MeV(e.g., in theAzzresonance re-

gion), the p wave dominates over thewave. Extending the Kpai(€)=de+ee, 5

database to this region could diminish the sensitivity of the

isospin-symmetry test at threshold. Moreover, ¢ inter-

action is simpler in the low-energy region; the contributions

of the higher resonancésther than the\ ;3) are small[18],

the inelasticities are negligible and the higher partial wave

(i.e., other thars andp) are tiny.

In the P33 channel, the existence of thk-isobar reso-
nance ate=127 MeV suggests the inclusion of a resonant
giece in theK matrix; a Breit-Wigner formula with an
energy-dependent widffl9] has been added on top of the
background ternidescribed by the sum of a linear and a
guadratic term ine in the form of Eq.(5)]. The resonant

Il. THE METHOD piece is given by the formula
The relation between thi€ matrix and the corresponding
center-of-masgc.m) wN partial-wave amplitude reads as Mi k2
o [Kpss(f)]reszrki_wm- (6)
o\l €
F.le)= T-IKK ()’ (1)

wherel is the width of the resonance at the resonance po-
where the indexa stands for the total isospin, orbital and Sition, M, stands for the mass of the resonancéconstant,

total angular momentum of the particular chanfeely., see  Ka iS the pion c.m. momentum at the resonance position, and
Eqg. (3.13 in Ref.[18] ]; k and e denote the pion c.m. mo- W denotes the total c.m. energy of the"p system. Note

mentum and kinetic energy, respectively. that the resonant piede p3s( €) ],es dO€S not introduce any
For elastic scatteringwhich is the case for the energy frée parameters. _ _
interval considered in the present analysike partial-wave The values of the physical constants have been obtained
amplitudeF (¢) is related to the corresponding phase shiftffom Ref.[20]; m; was fixed to the charged-pion mass.
5.(€) via the formula The electromagnetic effects have been treated according
“ to the NORDITA algorithm[21]. The corrections to the
215, (e) phase shifts and th@zery smal) inelasticities due to brems-
e %\ —1 :
F(e)= — (2)  strahlung have been obtained from the tabulated values of

Ref.[21] via simple interpolations. The pure hadronic phase
shifts (in the Sz;, P33, andP3; channels are obtained from

Combining Egs(1) and(2), we deduce the relation the corresponding-matrix elements via Eq3) and are sub-
sequently corrected, thus leading to tfs®-called nuclear
kcof 5,(€)]= K;l(e). () phase shifts. The nuclear phase shifts are then used to con-

struct the(partial-wave nuclear amplitudegthe Coulomb
phase shifts are also taken into accoufinally, the spin-

. : :
. Thg 77_ p interaction proceeds echuS|\{er through th? non-flip and the spin-flip amplitudes are obtain@dter the
isospinl =3/2 channels. In the energy region concerned in

: pure Coulomb contributions are addeftom which the dif-

the present work, only theandp waves are of importance. f ial i be determi A di
Thus, only three partial-wave amplitudes are relevant: th erential cross section can be de ermiriedy., see Appendix

. %A in Ref. [18]).
ones corresponding to the chann&lg, P33, and P, [the
first subscript denotes the isospinl}2and the second one
stands for the total angular momentumJj2of the =" p
systenj.

In the S3; channel, the standard threshold expansion of We have used the standard MINUIT routines of the
K;l(e) contains constant and linear terms dn(effective-  CERN library. As a first step, we fitted for our seven param-
range expansignIn the present work, a quadratic term haseters (three parameters in the-wave part and two per
also been considered. Thus, p-wave channglto the experimental data of Rd6] which

dominated the low-energyN database until the early eight-

ies. The scattering lengths, thus extracted, is compatible

The values of the small phase shifts in thandf channels have ~With the Karlsruhe result§3,4]: to be specific, we obtain
been fixed from Refl4]. a;=—0.091*+0.005 m;l (by using all the data of Ref5])

Ill. THE ANALYSIS
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TABLE |. Recent low-energy measurements of the differentialnot very reliablé. In method lll, the role played by the two
cross section for the elastie” p reaction.T . (in MeV) denotes the  uncertainties is reverted. In methods I-Ill, the uncertainties

pion lab kinetic energy and (in degreesstands for the c.m. scat- ¢, | appearing in Eq(7), are defined by the relation

tering angle. The normalization uncertaintiéaz (in %) are also

quoted. In order to treat all data sets on the same basis, the indi- o = o2t 0. 9

vidual contributions to the normalization uncertainty in the cross- : StoTRE ©
section measurements of REE2] were summed quadraticall23] The experimental data have also been analvzed after all Svs-
(the linear combination leads to a normalization uncertainty of 6.5% _xp : L N yz y
[12]) tematic uncertainties were neglect@gdethod I\); however,

the results of the fits with method IV were not taken into
account wherever averaging is performed in the present

Experiment T, 0 Az Ref.

work.
FRANKS83 (LAMPF) 29.4-89.6 47.0-154.0 3.7-20.39]
BRACKS86 (TRIUMF) 66.8—-97.9 89.6-159.7 1.2-1.10] IV. RESULTS AND DISCUSSION
BRACKS88 (TRIUMF) 66.8 101.4-147.1 2.1 [11]
WIEDNERS89 (PS|) 54.3 9.6-33.3 3.0 [12 Our results for the scattering lengdh are shown in Table
BRACK90 (TRIUMF) 30.0-66.8 47.6-147.0 2.2-3.413] Il (first block), along with they? values of the fits. The?
BRACKO5 (TRIUMF) 87.1,98.1 36.4-95.2 2.2, 2.014] Vvalues, obtained with the first three methods, are reasonable;
JORAMO5 (PS)) 32.2-68.6 11.8-132.4 3.3-4.415] in method IV, part of the error is neglected, this omission

leading to the increase in the? value. They? value with
method Il is slightly lower; this is an indication that the
anda;=—0.097+ 0_005m;1 (after excluding the discrepant normalization uncertainties, assigned to the differential
67.4 MeV measuremerfls the a; values of Refs.[3] cross-section measurements, may not be very reliable. The
(—0.101:+ 0.004 m;l) and [4] (—0.100 m;l) agree very Values of the scattering lengtly are very much compatible

well with our result. among themselves and disagree with the corresponding ones
Using the same technique, we then fitted to the recer®f Refs.[3] and[4]. N
differential cross-section measureme®s 15]. In this work, In order to investigate the stability of these results, we

only refereed articles have been taken into account; the daiatroduced g criterion applying to the contribution of each
of Ref.[22] have been excluded because of their low Signaunmwdual data setseries of differential cross-section mea-
to-noise ratio. Some information about the experimentssurements performed at fixed energglata sets with high
comprising our database, is displayed in Table I. A discusx” contribution per entryi.e., above the average plus one
sion on the experiments is provided in Appendix A. standard deviation in the overal?> distribution were re-

In order to examine the sensitivity of our results to themoved. This cut eliminates four of the data seat of 20
different treatment of the statistical and systematic uncertaincorresponding to 20% of the entriésr a dISCUSSIOH on the
ties of the measurements, four methods have been used @cluded measurements, see Appendixe x“/NDF val-

analyze the data. The minimization function is defined as ues (NDF is the number of degrees of freedprobtained
after this cut is imposed, are very close to unity for methods

S Wil (yi—yEP) o] I-Ill (see Table II, second blogkThis fact leads to two
2= , (7)  conclusions.(1) The bulk of the recentr*p data is self-
consistent(2) The expansions of thik-matrix elements, as-

wheren is the total number of the measuremenys,and sumed in the present analysis, describe the interaction suffi-
B ciently well. Oura; values are insensitive to this c(dee

y*® are (respectively the estimated and measured values OfTabIe Il
the differential cross section for théh entry (the former '
being calculated from the fitted values of the phase shifts i
the S;;, P33, andP3; channelsandw; is a weight assigned

to theith measurement. The weightg are assumed to be
the same for all entries in method I. In method Il, the weight

= ,w;/n

The average values of our seven parameters are given in
ble Il (averages over methods I-Ill, with and without the
imposition of the y? criterion). No statistically significant
changes in the parameter values were observed for the dif-
Sferent methods of analysis or after applying fffecriterion.

w; are set equal to The phase shift$(Ss;), 8(P33), andd(Ps,) are shown in
2 Fig. 1 as functions ok. The solid curves represent our so-
Wie Tsi ®) lution; they are based on the results of the fits to the mea-
! aszpt UzRi ' surements of Ref$9—15 (average over methods I-Ill, with

and without the imposition of thg? criterion). The dotted
where og; and o; denote, respectively, the systematic andcurves indicate the extent of the one-standard-deviation un-
the statisticalrandom) uncertainties of théth entry; in this  certainty estimated with a Monte Carlo simulation, the re-
method, the contribution to thg? from experiments with  sults of the fits(parameter values, errors, and the full corre-
small systematic errors is reducg2¥] (it could be argued lation matriy having been taken into account. The
that the systematic errors, assigned to the measurements, a@relation coefficients, corresponding to different channels,

are negligibly small in all cases. With the exception of a

small deviation(relative changein the P33 channel above

°The 67.4 MeV measurements of RES] have also been excluded €~50 MeV, thep-wave part of the interaction is compatible

in the Karlsruhe analyses. with the Karlsruhe analyses. Radical changes are necessary



55 ANALYSIS OF RECENT#*p LOW-ENERGY ... 467

TABLE II. The x? values and the scattering lengih (in m_*) obtained with methods -1V, with and
without the imposition of thee? criterion (see text; NDF is the number of degrees of freedom. The average
az (methods I-I1I, with and without the imposition of the criterior) is also given. The values, obtained by
the Karlsruhe analyses on the basis of the old measureniBefs. [3] and [4]), are also shown. The
uncertainty in oura; values includes the corresponding scale faglpf/NDF.

Method X*INDF ag

| 426.7/(266-7)~1.65 —0.0765-0.0034
1 398.3/(266-7)~1.54 —0.0751+0.0034
1 448.4/(266-7)~1.73 —0.0775-0.0033
v 919.0/(266-7)~3.55 —0.07370.0033
I, X2 criterion 196.4/(212 7)~0.96 —0.0779:0.0028
Il, x2 criterion 165.1/(212 7)~0.81 —0.0770£0.0027
lll, %2 criterion 221.8/(2127)~1.08 —0.0786+0.0028
IV, x? criterion 443.8/(2127)~2.16 —0.0749+0.0028
Average —0.0771:0.0033
Fixed+t dispersion relationg3] —0.101+0.004
Partial-wave relationf4] —0.100

in the S;; channel(already presaged by the discrepancy in The p-wave scattering volumes, obtained in the present
the a5 results shown in Table )i the differences in the cor- work (average over methods I-I1ll, with and without the im-
responding phase shift are of the order of about one degree position of the x? criterion), are equal to
the energy region considered in this analysis. No statisticallyg;=0.205+0.004m_* andag,= — 0.046+0.007m_*; the
significant changes in the description of the- (and  corresponding values of Ref4] (the uncertainties being
p-wave) phase shifts were observed for the different methodsaken from Ref. [3]) are 0.214:0.002 m_® and

of analysis or after applying thg? criterion. —0.044+0.002 m7—T3.

The values of the scattering lengty, obtained in the Finally, it is worth mentioning that the effective-range
present work(with and without the imposition of tha”  expansion is often criticized. The objections are related to
criterion), are shown in Fig. 2, along with the correspondingthe existence of poles in theand thet channel belowand
value of Ref.[4] and the ones extracted from the measurexiose t9 threshold, the presence of which may affect the
ments of Ref[5] with our method 1; the imposition of the  (convergence of theexpansions and lead to a distortion of
x* criterion removes the 67.4 MeV data set of R&. The  the scattering-length/scattering-volume values. To our opin-
similar energy extent of the differential cross-section meaion, the correctness of our results is justified on the basis of
surements of Ref[5] and those of Refs[9-15 does not  the following reasoning(a) Fits with the =N interaction
leave room for an attribution of the differences to the methodnodel of Ref.[18] to the data considered in the present
in which the electromagnetic effects are treated. Thereforehna|ysis have led to results identical to the ones obtained
the discrepancy can only represent the extent of the incomerein for the scattering lengths, scattering volumes, and
sistency between the measurements of Rfand the ones  phase shift§25]. This #N model is the most general one for

of Refs.[9-15]. _ _ applications in the low-energy domain and represents a valid
3/|2n Ref. [4], the real part of the partial-wave amplitude and complementary alternative to the traditionally used
Fo+(€), corresponding to th&s; channel, is expanded in scheme of dispersion analyses. It is evident that, with this
powers ofk?: model, the contributions from the singularities in the un-
physical region are explicitly taken into account. The agree-
Rng’f( €)= ag’f+ Bg’fk2+ cee (10 ment between the results, obtained herein, and the ones, ob-
The parametehg/f is our scattering lengtta,. ,3(3)/3 is the TABLE Ill. The average values of our parameters correspond-

e{ljg to methods I-11l and being obtained with and without the im-
position of they? criterion. The parameters in the same spin-parity
channel are correlated. The parameders the scattering length

s-wave effective-range parameter and is related to the p
rameters in Eq(4) according to the formula

as.
3 _,2mga+h 8
Bor=—a"——. (11
2m, Ss1 channel a (Gev1h ~0.553+0.024
_ ap . b 14.7x4.1
Using the results of our fit§g,+=—0.042+0.009m_~; the c (Gev™Y —63+48
result of Ref[4] is BY?=—0.052m_ 2. P43 channel d (Gev~?) 9.70+0.39
e (GeVd) -31.9+7.1
P3; channel d (Gev~?) —4.70+0.67
3The statistical and systematic uncertainties have not been given e (GeV™d) 20+ 12

separately in Ref.5].
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tained with this model, implies that the singularities aresitivity of the experimental data to any higher-order terms
distant enough so that the effective-range expansion is a saf@hich is also evident from Fig.)3(d) The fit to the data of
approximation.(b) The s- and p-wave K-matrix elements, Ref. [5] using the same expansions for tHematrix ele-
corresponding to isospih=3/2 and obtained with therN ments yields results which agree with the Karlsruhe analyses,

model of Ref.[18] from low-energy elastic-scattering data thus identifying the source of the discrepancies: inconsis-
[25], are shown in Fig. 3. The fits to these values with first- tency between the measurements of Rgf.and the ones of

. - 'Refs.[9-15].
second-, and third-order polynomiali ¢), the results of Th([e mea]lsurements of Busseyal. [6] have not been in-

which are also shown in Fig. 3, demonstrate that the secondy,ded in this analysis. Their"p data actually consist of
order terms improve the description of the interaction signifi—omy three entries in the energy region considered herein and
cantly and the contributions of terms above the second ordg{gye peen taken clogee., at 94.5 MeV to the highest en-

are indeed negligible. This point serves as an important adergy allowed in our work. Including these measurements in
ditional verification of the validity of our choice concerning our small old databasghat is, on top of the measurements
the expansions of th&-matrix elements given in Eq$4)  of Ref.[5]), which consists of 70 entries and extends down
and(5). (c) In order to investigate whether the experimentalto 20.8 MeV, cannot lead to changes in the corresponding
data themselves suggest the inclusion of higher-order termg, values(i.e., the ones denoted by the diamonds in Fig. 2
(in €) in the right-hand side of Eq), fits with all four As far as the “partial-total” or integraklr™p cross sec-
methodgwith and without the imposition of the? criterion)  tions are concerned, the results of the present analysis are
were performed after including the’ term in the expansion about 10% below the measurements recently reported in the
of Kgsi(€). The inclusion of this term does not lead to any 7N Newsletter{26]. Although it is stated therein that these
improvement; they? values become negligibly smaller, yet values are now in nearly final form, we would not like to
the ratio x?/NDF (slightly) increases. For the energy region draw conclusions before the corresponding articles appear in
considered in the present analysis, there is absolutely no sea- refereed journal. Our predictions for the total nuclear
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T T tained in Fig. 4, from which we conclude that, at the present
moment, the various experimental results are not incompat-

Method IV ible with isospin-symmetry conservatiérit is also evident

—— Method III from Fig. 4 that the KA85 solutioffrepresented by the rect-
~—@~  Method II final remark concerning the interpretation of Fig. 4, we feel
s —.— Method I that three issues are of crucial importan¢g To know

whether the electromagnetic corrections, applied to the
L ' ' 7*p scattering data, are reliable and compatible with the
—0.12 -0t -0.08 ~0.06 —0.04 corresponding corrections applied at threshold. A redetermi-

. r nation of the whole problem had actually been proposed in

!

i

|
S
o angle is in contradiction with two of the bands shown. As a
N

|

|

|

1

L
X —cut§ : . ' the past(e.g., see Ref.34]) and p!ans for a new gvaluation
L ethod IV are under way[35]. (2) Concerning the extraction of the
N —— Method III isoscalar N scattering Igngtl‘bo from the me_asuredSL
Do energy-level shift in pionic deuterium, two points are very
S i Method 1 much worth additional investigation: the electromagnetic
L .- Method 1 corrections and the association of the d scattering length
Y eto andby. (3) The value ofb,, extracted from the measurement
1 ' . of the width of the % state in pionic hydrogen, introduces
-0.12 -0.1 -0.08 -0.06 —0.04 the largest uncertainty to the problem. At present, the evalu-
ation of an improved experiment, together with an investiga-
ag (mn_l) tion of the systematic uncertaintigsshich are due to the

Doppler shif}, is in progresg§36]. It is evident from Fig. 4
FIG. 2. The values of the scattering length obtained in the  that theb, value plays a decisive role on the question of the
present workwith and without the imposition of thg? criterion). isospin-symmetry conservation in theN interaction.
The vertical dash-dotted line corresponds to #ievalue of Ref. Let us finally comment on other recenN analyses
[4], the uncertainty of which is indicated by the dotted lines and has (@) Arndt and collaborators published the results of their
been taken from Ref3]. Theas values, extracted from the data of \vsis of N dat ing fixed- di . lati 7
Ref. [5] with method I(diamond$, are also shown. ana_yS'S ofmr ata us_lng Ixed-aispersion re a_ ion$37].
Their database comprises the measurements in all three re-
action channels and extends to energies of 2 GeV. The au-

" p cross sectiofisee Eqs(13) and(14) in the first of Refs.  1ors varied therNN coupling constang.yy and the isos-

[21]] also lie about 10% below the measurements of Refsfcalar scattering length, (denoted asa(*) in their paper

[rﬁz]r;tssw\]/\(/:aestQSOi?e\lvsgth/?:\?rgt]z’e ?ﬁgigg;egf '&;hfjfegxgﬁgéeeking for the minimization of &2 function; several fits
: > o ' PONAG ere performed witlp, fixed at three values. However, their
ing six entries in our database could not have led to changes A . :
in our a; values, interval of by variation is incompatible with the recent

Measurements of ther*p analyzing power at 98 MeV pionic-deuterium resulil7]. Although it is clearly stated in

have been reported in RgR28]. Our predictions, based on their paper that the results are nqt_very_ sensitiye tou@e
the present analysis, lie below the experimental values by@/U€; one does not possess sufficient information to judge
one standard deviation approximately. The results of thdvhether one can obtain an equally good description of the
present work reproduce superbly the recent measurements @gta for other values df,, e.g., for the value extracted on
the 7 p analyzing power at 68.34 Mef29]. the basis of the measurement of Rdf7]. In their analysis,

It is of great interest to compare the present result for théhe authors obtain an “optimal” solution corresponding to
as with the values of therN scattering lengths, recently bo~—0.010m;* andb,~—0.088m_ * (it is not clear what
obtained from measurements of the dnergy-level shift and should be used as uncertainty in the values of the scattering
width in pionic hydrogen[16] and deuteriun{17], in the lengths of Ref[37]).
context of the isospin-symmetry breaking in the strong inter- (b) Siegel and Gibb§38] extracted &, value from low-
actions. If isospin symmetry holds, then thé\ processes energy SCX data using a coupled-channel approach with
can be described by two numbers at thi threshold, e.g., nonlocal potentials. Their value ©H3=—0.290+0.008
the isoscalar lfy) and the isovectorl{(;) scattering lengths. m_ 1y is compatible with the one recently extracted from the
The =" p process providegand is described Bythe combi-  width of the 1s state in pionic hydrogefil6] and its uncer-
nationbgy+b, (=as), the @~ p process yields the combina- tainty is smaller. However, the authors have assumed a par-
tion by—b; and the SCX is directly related to the isovector ticular form for the(real part of th¢ =N scattering amplitude
scattering lengthp,. Additionally, thes~d scattering length in order to perform the extrapolation to theN threshold
leads to the determination of the isoscalaN scattering (from the energy corresponding to the experimental )data
length b, after the application of dlarge) correction term  the p-wave component of their amplitude is considered to be
[30] which has been assumed independerti,0f31]. In the
case that isospin is a good symmetry in thl system, the
various solutions will have a common intersection on the “Notice that a large isospin-breaking effect has been repfB@id
(bq,bg) plot[32]. All these measurements are concisely con-aroundT ~40 MeV.
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proportional tok?cos(9), 6 denoting the c.m. scattering description of the resonaitz; channel, a Breit-Wigner for-
angle. In the terminology of Ref18], this is equivalent to mula with an energy-dependent width has been added on top
assuming that the coefficient of the 7N scattering ampli-  of the background term.

tude is a constant in the low-energy regi@ng., below 50 The description of the experimental data is satisfactory.

MeV). As deduced from Fig. 4 of Ref18], this may not be  The x*/NDF values obtained are reasonable; with small ex-

a safe assumption. ceptions, the recentt p data seem to be consistent among
(c) Arndt and collaborator$39] produced a new phase- themselves.

shift solution (SM95) using forward and fixed-dispersion Our results in theS;; channel disagree with those of the

relations. Their database compridesththe old and the new Karlsruhe analyse@vhich have been based on the old data-
data. Their value foa; is —0.091m;1; at the moment, itis base, i.e., on experiments conducted before 198@ report
not possible to attribute a meaningful uncertainty to thisvalues of the phase shiff(S;;)) lying about one degree
value[40]. The SM95 solutionwhich is accessible via the above the phase-shift solutions KH80 and KA85. The scat-
SAID on-line system lies in between our results and the tering length a;, obtained in the present work, is
Karlsruhe phase-shift values in tl#,; channel; it agrees —0.077=0.003 m;l; it is also in disagreement with the
very well with our results in thé>;3 and P, channels. Karlsruhe values.

The p waves, obtained in the present work, are compat-
ible with the KH80 and the KA85 solutions below~50
MeV. Above this energy, the tendency in tRgs channel is

The recent7'p low-energy differential cross-section towards slightly smaller valuedby about one degree
measurements have been analyzed. An expansion dfthe Using the same expansion of tke matrix, we have di-
matrix containing a quadratic term in the pion c.m. kineticrectly fitted to the Bertinet al. data which dominated the
energy(on top of the standard threshold expangibas been low-energy database in the pre-meson-factory era. We then
found to describe th&;; andP3; channels very well; for the agree with the Karlsruhe values for the scattering length

V. SUMMARY
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T T T T T meson factories. In parts) and(d), we discuss some special
aspects concerning the analysis of the data, e.g., commenting
on the data sets which are removed after the imposition of
our x? criterion, in relation to partg$a) and (b). In part(e),
each of thew"p data sets is compared with the solution
s describing the bulk of the data. Finally, in p&ft, we inves-
T tigate effects of the absolute normalization of the individual
S c 7\ data sets.
E oo00 | ] a. Internal consistency of ther"p differential cross-
section measurementSeparate fits were performed to the
measurements obtained at the three meson factid@ie5|;
the data were analyzed with methods I-Ill. From this analy-
sis, we drew the following conclusions.
The data taken at LAMPP] are internally consistent.
_o02 F i The data taken at P$Refs.[12] and[15]) are not inter-
nally consistent; the fits to these measuremé8&entrie$
TR Y Ry Y S —— gives axy?/NDF between 1.67 and 2.10 depending on the
method of analysis. The source of the problem is the
by (mﬂ‘l) JORAMO95 32.7 MeV[15] data.
The data taken at TRIUMFRefs.[10, 11, 13, and 1}

FIG. 4. The various constraints on &;(by) plot. The bands are interna_lly consistfnt. ] ] ]
correspond tda) the 1s energy-level shift in pionic hydrogei6], b. Consistency ofr" p differential cross-section measure-
(b) the width of the & state in pionic hydrogefil6], (c) the 1s ~ Ments taken at different meson factoriége considered the

energy-level shift in pionic deuteriufil 7] assuming a constant cor- Combinations  PStTRIUMF, LAMPF+TRIUMF, and

rection factor[30,31, (d) the value of thea, extracted in the LAMPF+PSI. We came to the following conclusions.

present analysis, an@) the KA85 solution[4] (the uncertainties The worst results correspond to the combination of the

have been taken from Rdf3]). PSI and the TRIUMF measurements. The reason is that the
simultaneous description of the BRACK90 66.8 M¢13]

as. Therefore, the aforementioned discrepancies can onlgnd the JORAM95 68.6 MeV data is impossible; these mea-

manifest differences between the old and the new scatteringrements contradict one another in the shape of the angular

data; they cannot be attributed to the method of the analysiglistribution of thesr*p differential cross section.

A comparison of the present result for thag with the The LAMPF and the TRIUMF data are not inconsistent.
values of thewrN scattering lengths, recently obtained from  The LAMPF and the PSI data become consistent after one
measurements of theslenergy-level shift and width in pi- removes the JORAM95 32.7 and 68.6 MeV measurements.
onic hydrogen and deuterium, leads to the conclusion that, ¢. Combined fits, no?— criterion. As the next step, we
within the presentexperimental and theoretidadccuracies, decided to attempt the global description of all recetitp
the various experimental results are not incompatible witHow-energy measurements. To comply with the standards set
the isospin symmetry of the strong interaction. by the Particle Data Groufsee Ref[20], p. 9, we excluded

Note added in proofThe measurements of Ré#i2] are  the four RITCHIE83 data setf22].> We were rather sur-
in very good agreement with the results reported herein. prised to find that the description of the data was rather sat-
isfactory (Table I, first block.

d. Combined fitsy? criterion. We then decided to inves-
tigate the possibility of a bia6n our result introduced by

We would like to thank H.J. Leisi for his invaluable sug- some of the measurementhe JORAM95 32.7 MeV data
gestions. We acknowledge helpful discussions with A. Badset and the inconsistency of the measurements around 67
ertscher, P.F.A. Goudsmit, G. Her, M. Janousch, G.C. MeV being always in mingd To this end, we applied &°
Oades, M.E. Sainio, H.-Ch. Schier, D. Sigg, D. Wyler and criterion to the contribution of each individual data set, in
Z.G. Zhao. We are indebted to J. Schweppe from NIST forpractice excluding all data sets withy& contribution (per
his very quick response in providing us with a copy of ourentry) above the mean plus one standard deviation in the
Ref. [24]. overall x? distribution. To our satisfaction, this simple cut

removed the JORAM95 32.7 MeV data set and the two mu-
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APPENDIX

Given here are some additional details about the recentdin order to check whether any of the conclusions, drawn in the
«"p database of the differential cross-section measurepresent work, are affected by the exclusion of the RITCHIES3 data,
ments. We feel that such a discussion might be useful as fdits were performed after these measurements were also included in
as future plans, relating to experimental activities, are conthe database. No statistically significant changes, other than the ex-
cerned. In parta) of the Appendix, we investigate the inter- pected increase of thg? values of the fit, were observed. The
nal consistency of ther™p measurements taken at each me-values of the important quantiti¢se., the scattering length, and
son factory. In part(b), we deal with the question of the phase shifisare practically unaffected by the inclusion of these
compatibility of the w*p measurements taken at different data.
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tually conflicting measurements around 67 MéNe cut also The BRACKB86[10] data are very well reproduced; the

removing the FRANK83 89.6 MeVY9] measurementsThe  66.8 MeV measurements are slightlgne standard devia-

description of the remaining data became more than satisfation) below our solutions.

tory (see Table Il, second blogkFortunately, none of the The BRACKB88[11] data are very well reproduced.

conclusions, drawn in the previous stage of the analysis, had The WIEDNER8912] data are well reproduced, yet they

to be modified; the values for all our important quantitiesdo not play a decisive role.

were found to be insensitive to this cut. The BRACK90 66.8 MeV data set cannot be reproduced
e. Comments on the™p measurementsBased on the by any means, not even after floating the absolute normal-

results of our fits, the following conclusions for the indi- ization of these measuremeritee Fig. 5, its shape is con-

vidual 7*p data sets can be drawn. tradicting the bulk of ther ™ p data. The remaining measure-
The RITCHIE83 data lie above our solutions by roughly ments of Ref[13] are well reproduced in shape, yet they lie
10%. slightly above our solutions.

The FRANK83 89.6 MeV measurements lie below our The BRACK95[14] measurements are very well repro-
solutions by approximately 10%see Fig. %; the other three duced.
data sets of Ref9] are well reproduced, though the 49.5and The JORAM95 68.6 MeV data would have been consis-
the 69.6 MeV data are not decisive due to their large uncertent with our solutions, had they been floated to lower values
tainty (in the absolute normalizationThe FRANKS83 low- by roughly 10%(see Fig. 5 The 45.1 MeV data are well
energy measurement plays an important role in the presem¢produced. The 32.7 MeV data have a peculiar shape which
analysis. This data set, being the most solid block of meais inconsistent with the bulk of the measuremesise Fig.
surements close to theN threshold and spanning between 5). Finally, the data taken in the Coulomb-interference re-
0=47° and 154°, unavoidably exerts a large impact on thegion agree with our solutions, yet they are not decisive in the
determination of the scattering lengdh. In view of the im-  determination of the important quantities in this article.
portance of the breaking of isospin symmetry, any experi- f. Effect of the absolute normalization of the individual
mental activity on ther ™ p reaction aroundand below 30  data setsAlthough floating the absolute normalization of an
MeV is certainly anticipated with great interest. experimental data set is orthogonal to our philosophy, we
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have eventually decided to perform the analysis with thg. Evidently, the first term on the right-hand side of the pre-

following minimization function: vious equation is the penalty one has to pay for floating the
N 2 n, exp) 2 absolute normalization of the measurements. The formula,
2.3 [ Zj_l) S (yi_ZJYi ) ’ used here, is similar to the one introduced in Réd].
X =1 Az = O ’ Two fits have been performed with this minimization

function. The first one was carried to all the measurements
N denotes the total number of data sets. The number of they_15]. For the second one, the four data sets described in
differential cross-section measurements in the datg &t part (d) of this Appendix were removed. None of the essen-
denoted byn; . y; andy?® are (respectively the estimated tia| values, reported in the present article, change beyond the
ith entry of the data sgt Theo; do notinclude the normal-  naffected. The y2/NDF values obtained are 451.8/

ization uncertainties. The parameter determines the (266-27)~1.89 (fit to all datd and 267.2/(212 23)
amount at which the particular data geftas to be floated in = __4 44 [the four data sets, described in pédi of this Ap-

order to match the bulk of the measurements; for measure-_ _ .. : ;
ments agreeing with the majority of the data, the paramete?rg:Sndel)é’ti\?jng_rgna(;\g%gg% Cr?]r[?Sp;):gm_@S g?llieg oegg'
z; should be close to unity. The quantityz; is the uncer- fl) Y, ' ' G ' '

tainty in the absolute normalization of the particular data sef"=

[1] S. Weinberg, in Chiral Dynamics: Theory and Experiment, 15, 725(1977; Helv. Phys. Actabl, 584 (1978.
Proceedings of the Workshop held at MIT, Cambridge, MA, [22] B. G. Ritchie, R. S. Moore, B. M. Preedom, G. Das, R. C.

1994, edited by A.M. Bernstein and B.R. Holsteimnpub- Minehart, K. Gotow, W. J. Burger, and H. J. Ziock, Phys. Lett.
lished; H. Leutwyler, ibid. 125B, 128(1983.
[2] V. Bernard, N. Kaiser, and UIf-G. Meissner, Phys. Re\bZ>  [23] U. Wiedner(private communication
2185(1995. [24] B. N. Taylor, “Numerical comparisons of several algorithms
[3] R. Koch and E. Pietarinen, Nucl. Phys336, 331(1980. for treating inconsistent data in a least-squares adjustment of
[4] R. Koch, Nucl. PhysA448, 707 (1986. the fundamental constants,” NBSIR Report No. 81-2426
[5] P. Y. Bertinet al,, Nucl. Phys.B106, 341 (1976. (1982.
[6] P. J. Bussey, J. R. Carter, D. R. Dance, D. V. Bugg, A. A.[25] E. Matsinos(in preparatioi
Carter, and A. M. Smith, Nucl. Phy&58, 363 (1973. [26] B. J. Krisset al, 7N Newsletterll, 1 (1995; M. M. Pavan,
[7] =N Newsletter2 (1990; 3-7 (1991-1992, 8-9 (1993; 10-11 ibid. 11, 117(1995.
(1995. [27] A. A. Carter, J. R. Williams, D. V. Bugg, P. J. Bussey, and D.
[8] D. V. Bugg, N Newsletter2, 15(1990; J. S. Frankjbid. 2, R. Dance, Nucl. PhysB26, 445 (1971); E. Pedroniet al,
21(1990; D. V. Bugg,ibid. 3, 1 (1992); G. Smith,ibid. 5, 108 Nucl. Phys.A300, 321(1978.
(1992; D. V. Bugg, ibid. 6, 139(1992; J. T. Brack,ibid. 6, [28] M. E. Sevioret al, Phys. Rev. (G40, 2780(1989.
144 (1992. [29] R. Wieseret al, mN Newsletter10, 125(1995.
[9] J. S. Franket al,, Phys. Rev. 28, 1569(1983. [30] A. W. Thomas and R. H. Landau, Phys. R&g, 121(1980.
[10] J. T. Bracket al,, Phys. Rev. (34, 1771(1986. [31] A.W. Thomas(private communication

[11] J. T. Brack, J. J. Kraushaar, D. J. Rilett, R. A. Ristinen, D. F.[32] A. Badertschet al, “Is Isospin Symmetry Violated in the
Ottewell, G. R. Smith, R. G. Jeppesen, and N. R. Stevenson, Pion-Nucleon Sector at Threshold?,” ETHZ-IPP Report No.

Phys. Rev. (38, 2427(1988. 94-10(1994; H. J. Leisiet al,, in [1].
[12] U. Wiedneret al, Phys. Rev. D40, 3568(1989. [33] W. R. Gibbs, Li Ai, and W. B. Kaufmann, Phys. Rev. Lett,
[13] J. T. Bracket al, Phys. Rev. G41, 2202(1990). 3740(1995.
[14] J. T. Bracket al, Phys. Rev. (51, 929(1995. [34] G. Hohler, Nucl. PhysA508, 525¢(1990; mN Newsletter4,
[15] Ch. Joramet al, Phys. Rev. C51, 2144 (1995; 51, 2159 35(199)).
(1995. [35] D. Wyler (private communication
[16] D. Sigget al, Phys. Rev. Lett75, 3245(1995. [36] H.-Ch. Schrder et al. (in preparatioi
[17] D. Chatellarcet al, Phys. Rev. Lett74, 4157(1995; also see  [37] R. A. Arndt, R. L. Workman, and M. M. Pavan, Phys. Rev. C
75, 3779E) (1995. 49, 2729(1994).
[18] P. F. A. Goudsmit, H. J. Leisi, E. Matsinos, B. L. Birbrair, and [38] P. B. Siegel and W. R. Gibbs, Phys. Rev3G 1407(1986.
A. B. Gridnev, Nucl. PhysA575, 673(1994. [39] R. A. Arndt, I. I. Strakovsky, and R. L. Workman, Phys. Rev.
[19] T. E. O. Ericson and W. Weis®jons and Nucle{Clarendon C 52, 2246(1995; R.A. Arndt and L.D. Roper, SAID on-line
Press, Oxford, 1988p 31. program.
[20] Review of Particle Physics, R. M. Barnett al., Phys. Rev. D [40] R.A. Arndt (private communication
54, 1 (1996. [41] R. A. Arndt and L. D. Roper, Nucl. Phy850, 285(1972.

[21] B. Tromborg, S. Waldenstro, and I. Qrerbf Phys. Rev. D [42] E. G. Audlet al, Can. J. Phys57, 73 (1979.



