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Observation of a unitary cusp in the threshold yp— =p reaction
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A rigorous multipole analysis of the recepp— 7°p cross-section measurement is presented. The data were
taken using the photon spectrometer TAPS at the tagged photon beam of the Mainz microtrerarithe
wave multipoles were extracted using minimal model assumptions. The predicted unitary cusp for the
s-wave multipoleEy, due to the two stepp— 7+ n— 7°p reaction was observed. The results are consistent
with one-loop chiral perturbation theory calculations for which three low-energy constants have been deter-
mined by a fit to the data. The uncertainties in the analysis and the need for polarization observables are
discussed[S0556-28137)03002-1

PACS numbsgps): 25.20.Lj, 13.60.Le

I. INTRODUCTION original interpretation of the differential cross section data
[8,9] showed a disagreement with the low-energy theorems
Experiments on photopion production from the nucleon(LET) [11,12. However, it was later showfl3] that when
are important because the pion is approximately a Goldstonéhe total cross-section data were included that the results
Boson of QCD{1]. The consequences of this are a relativelywere consistent with the LET predictigd1]. Subsequently
small masgdue to the small up and down quark measd a it was shown that the LET were slowly convergifé,12]
weak N interaction at low energigd]. These characteris- and that the prediction folEy, should be significantly
tics allow a QCD-based approximation scheme known asmaller in magnitude. The exact value is not predicted by
chiral perturbation theoryfChPT) [1-3]. Using this tech- ChPT since it depends on low-energy constants which have
nique extensivéone-loop calculations for threshold photo- to be evaluated from experimédw]. It was clear that such an
pion and electropion production have been perforiadd important measurement should be repeated with improved
For a long time there has been a predicted unitary cusp irquipment. A subsequent experiment was performed at
the s wave yp—=°p electric dipole amplitude, Mainz with the TAPS photon detectt5] where the data
Eos (yp— 7°p), due to the two-steyp— 7 n— x’p reac-  from threshold to 152 MeV were presented after a prelimi-
tion [5]. There are two reasons. First, the electric dipole am#ary analysis.
plitude for theyp— 7 n reactionEy (yp— 7 *n) is more In this paper a more thorough analysis from threshold to
than an order of magnitude larger thag, (yp— m°p). Sec- 160 MeV will be presented. The main purpose of this paper
ond, the threshold energies for the— 7°p and7"n chan-  is to obtain the most accurate values of the multipoles with
nels are differen(see Table)l Therefore, the unitary cusp is the minimum number of model-dependent assumptions, and

isospin violating. to compare these results with the ChPT[4i}. A secondary
The magnitude of the cusp is related to purpose is to show the model dependence of the extracted
multipoles and the limits due to the fact that the existing
B=Eg.(yp—m'n)- a7 nen) (1) database contains only unpolarized cross sections. The re-

sults presented here are in good agreement, as expected, with
wherea,., is thes-wave charge exchange scattering length.our previous publicatiofi15]. Recently an experiment from
Recently it was pointed out that an accurate observation cbaskatoon has been reporféé] and will also be discussed.
the energy dependence of the unitary cusp would allow one
to make a measurement of this important and previously un- Il. FORMULAS AND DATA ANALYSIS
measured scattering lengfl6]. Furthermore it was also
shown that the two-step reaction is expected to exhibit an Near threshold one can safely assume that the pions are
additional isospin violatioi6] as a consequence of the pre- Produced ins- and p-wave states. The differential and total
dicted isospin violation i e, due to the mass difference of Cross sections are
the up and down quarkg7]. Consequently, experimental

tests of the predictions of ChH] and the unitary cusp with ()= (q/k)[A+Bcog 0) + Ccos ()]
its light quark dynamics are of great importance. 2
The first measurement of thgp— =°p threshold cross or=4m(q/k)[A+ C/3]

sections with a 100% duty cycle electron accelerator was

performed at MainZ8]. The data confirmed a previously whereq andk are the pion and photon center-of-mass mo-
measured total cross section at Sad8y which was ob- menta.

tained with a 1% duty cycle linac and consequently had It is conventional to compare theory and experiment in
larger errors. The Mainz differential cross section qualita-terms of multipole amplitudes. These aewave electric
tively showed the predicted unitary cusp f8g, [10]. The dipoleEy, ; p-wave magnetic dipole with=1/2M,_; and
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TABLE I. Threshold energies. 9.5
Reaction Threshold EnergiMeV) g
yp—7%p 144.68 2 9
yp—atn 151.44 g
a
8. : :
p-wave magnetic dipole and electric quadrupole amplitudes P 180 195 160
with j=3/2My, andE,, . TheA, B, andC coefficients are
guadratic combinations of these four amplitudes. Following g ot e
a previous notatiop4] we define SN PRt
2 MOp----"7"
P1=3E1,+Mi.—M;_, Py=3E;,—M, +M,_, ied 100//ij__:
i 9Ok - oo mmmmmm T
P3=2My  + M, |Pyg?=(|P,|*+|P3l?)/2. a 8 ,
%45 150 155 160
The A, B, andC coefficients are
0

A=|Eo:|?+|Pxd? B=2RgEy.P7),

(4)
C=||:’1|2_||:’23|2-

C4? (ub)
|
o
=L
/
L |

One can see that an accurate measuremerat(6j for
unpolarized photons determines three linear combinations of
the multipoles A, B, andC). On the other hand, there are
seven unknown parameters, namely the real and imaginary
parts of the four multipoles minus one arbitrary overall
phase. In the threshold region one can take advantage of t
fact that thep-wave 7N phase shifts are smdllL7] which
means that the imaginary parts of thevave multipoles are
negligible[4,6].

In order to fit the data the predicted unitary cuspEip,
[4—6] must be taken into account. T)his is caused by th
relatively strong two-stepp— 7 n— #%p reaction channel .
and a static isospin violating effect which occurs because of Eo. (yp—7°p)=Ao(k,) +ifq. , ©®)
the threshold difference in thep— #°p and yp— 7 'n re- i L )
action channels as shown in Table I. The first derivationgvhere the only first-principles constraint that we have for
used a single scattering matrix approach to calculate the Ao IS tha+t itis a smootrB function ok, . Note that for
effect of the final state charge exchan@@EX) [5]. The Ky<kr(7'n), Eo.(yp—m p)=Ao(kg)—[B|Q+| is purely
ChPT calculations are basically isospin conserving but th&€al. Fork,>Kk(m"n), Eo.(yp—m"p) is complex with
biggest isospin nonconserving effect due to the pion mas&&o+=Ao(k,), a smooth function ofk,, and InEg,
difference has been includgd]. These approximations can =8+, the cusp function. The same functiég(k,) and
be overcome by using a three-chanBehatrix approach in Parameteys occur both below and above(7 ). _
which unitarity and time reversal invariances are satisfied T0 determine the-wave multipoles we need to consider

k, (Mev)

he FIG. 1. ChPT predicted behavior of the waves. Solid line
represents the predicted values and the dashed lines represent a
+10% variation ofb,, .

tions the three-chann& matrix formulation reduces to the
eoreviously obtained formulgst,5]

[6]. The resulting equation is their energy dependence. It was previously assumed that they
go to zero aglk for k,— kr( 7°p) [20]. Recently it has been
Eo. (yp— Wop)z el 50[A0+ iA,8ceds ] (5) shown that thgp-wave multipoles are proportional tp(i.e.,

the factor ofk should not be thede[4]. Numerically the

where &, is the s-wave 7°p phase shift, A, and A, are difference is not large but the proper form will be used here.
Eo: (yp— 7°p) andEq, (yp— 7'n) in the absence of the These threshold arguments alone cannot determine over what
final state charge exchand€EX) reaction, andy, is the range ofk, this simple energy dependence is expected to be
«* center-of-mass momentum in units of,+. For photon  valid. In order to see this we plot in Fig. 1 the energy depen-
energiesk,<kr(7*n), the " n threshold energy, one must dence of the threp-wave observables as predicted by ChPT
analytically continue, —i|q.|. This switching of the am- [4] up tok,=160 MeV. We observe tha, is predicted to
plitude from real to imaginary as the secondary thresholde very close to linear witky for the entire energy region. If
opens is the sign of a unitary cusp. all of the p-wave multipoles were linear iq then ng and

We can safely neglect, in the threshold region because C would be proportional tg®>. As can be seen in Fig. 1 there
the s-wave scattering leng#{#°p) is expected7,17,19to is a deviation from this quadratic dependence which is ap-
be very small €0.01/m,). Since the effect of ther®p  proximately linear inAk, =k, —k(7°p).
channel is expected to be small in thé n channel we can The predictions of ChPT for theN— 7N reaction de-
takeA =E,. (yp— 7 n). With these two mild approxima- pend on three low-energy constants labeted a;, anda,
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[4]. Of these onlyb, effects thep-wave multipoles. In Fig. 1 <107
the variation of the three observables are also shown for a

8
*=10% variation ofb,. There is no dependence &% on H .~ bo.02
. 6 p.015 ,
b, . Furthermore, the slope ¢P,3 andC are approximately j‘
independent ob,,. The approximately linear deviation from 4 ‘} / 0.01 ({,{’
the g? dependence of and|P,3?, shown in Fig. 1, will be 2 & 0.01
0

assumed in the analysis but with empirically determined con- = Ry £
k=145.30 /| k=146.12 . k=146.99
oy b .

0
We have performed three fits to the data. One uses the 50 100 150 50 100 150 50 100 150
A, B, and C coefficients with the energy dependence®f

' 0.03
specified as = ~70.04
2~ ~ g 0.03 0.04
C=g7C+CAk,], (7) g 002 -
= 0.02
whereAk, is taken for convenience to be in units mofo. % 0.01 + ’ - 0.02 7
A multipole fit was also performed with the functional 3 1 -01

form of the energy dependence of fravave multipoles and
ImE,, fixed. From the discussion of the expected energy
dependence of the- and p-wave multipoles the following

50 100 150 0 50 100 150 0 50 100 150

energy dependence was chosen: 0.05 = 1255176 0.06
IMEy, =0, k<ke(mtn), 0.04 005
00al b7 0.04{
IMEg,=89,, k>kg(7'n), (8) L 0.024 0.03
= i
_ 2_ 2 :
P1=qP1,  [P2d*=07Past PasAk,], 50 100 150 50 100 150 50 100 150
where the fit parameters are the values oERg(k;) at each 6, (deg)
photon energyp, Py, Py andPys. 0.08 0.1

We have also performed a unitary fit for whiéh, (k)

is parametrized as 0.06 0.08
Eo+(k))=Ao(k,)+iB0a:, Ag(k,)=A+AAk,, (9 004 0.06f 4
— : 0.06%/

and where the values ok, A, and 3 were taken as free 0.04 “{’ '
parameters. 0.02

To calculate the expected value gfthe best experimen- 50 100 150 50 100 150 50 100 150
tal value ofa(w~ p— m’n)=—(0.1301+0.0059)m, from
the observed width in theslstate of pionic hydrogen atom < ¢.12 ‘0'14
[21] was used. This is in excellent agreement with ChPT g oA e 012
predictions of—(0.130+0.006)m,, [18]. Assuming isospin ~ § 0.1 / _
is conserveda(w*ne wp)=—a(m p—a°n). There are g %8 .4 008} ¥4 {
no modern measurements g (yp— 7' n) sowe canuse g 0.06% 0.060"
the ChPT prediction of 28:20.6[4,14,19. From these, one © 0_044> 0.04 0.05{’

obtainsg=3.67+0.18[14]. 50 100 150 50 100 150 50 100 150
The analysis that will be presented here depends on the
range of validity of Eq(8). In order to insure that this analy-
sis is accurate and as model independent as possible it was
terminated at a photon energy of 160 MeV. This is sufficient
to show the main features of the threshold region. 0.12p
0.1} 9
0.08

0.16
0.14 LT ~1%0.15

0.1}/

0.05 k=159.18 | 0.1 :

ll. RESULTS _
0.06 k=160.02
In this section the results of the analysis of the dafs| 50 100 150 50 100 150 50 100 150
will be presented and compared with ChPT calculatigs 0, (deg)

The data were taken from threshold to 270 MeV. In the first

publication only a preliminary analysis of the data to a pho-

ton energy of 152 MeV was presentgib]. In this publica- FIG. 2. Differential cross sectiof€OM systen with statistical

tion a more thorough analysis to 160 MeV will be presentederrors in ub/sr vs pion angle in degrees. The photon energies in
The empirical fits and ChP[#] results foro(#) are com-  MeV are given. The solid line represents the unitary fit, the dot-dot

pared to experimental data in Fig. 2. It should be pointed ouline the A,B,C,C fit, the dash-dash line the multipole fit, and the

that the errors shown in Fig. 2 are statistical only. The sysdash-dot line the ChPT fit.
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TABLE Il. Parameters in Eq98) and (9) for th
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e unitary and

multipole fits and ChPT4]. Except fory? all of the quoted param-
eters are given in units of I6/m_+. In Egs.(8) and (9) q and

Ak, are in units ofm_o andq in units of m_+

Parameter Unitary Fit Multipole Fi

t ChPT

x*/DOF 2.13

B 3.76x0.11

P, 9.006+0.079

P, 101.9+1.1
41.8+13.0

—0.12+0.020
—4.27+0.28

1.96
2.82£0.32
9.15%*0.071
95.40-0.62
159.1%+7.3

>l>|'Ul'U
8B

221
2.78
8.998
97.71
108.5
-0.41
-0.76

tematic errors are estimated to be approximately [3%].

For the A,B,C fit [Eq. (7)] the best fit

values are

C=—0.338-0.025b, C=—1.83+0.30ub, and y¥DOF

-0.02-

-0.04

-0.061

B (nbsr)

-0.08 1 1

=1.65. For ChPT[4] there are three low-energy constants

which were adjusted to obtain a best fit to the data. Qualita-
tively all of the fits and the ChPT calculation are very close

with y?/DOF=1.96 for the multipole fit and 2.21 for ChPT.

-0.1

The fit parameters ang? results are shown in Table Il

and compared to ChPT. Only the fitting errors are presented.

25- E
k4
=2
2_ =g
=730
A | z,;uf_*..
g. 1.5 %_;ﬁ,f
. g5
.
N b3 Kb&vﬁc}
) 150 155 160
0.8
v % ii
| 1 2!
0.6 % %I 123
3 E /;TEV-"‘
= 04f : %EK’?/“
| % 1,1;;,3 2o
0.2t B
YT RV ST ST R
k, (MeV)

FIG. 3. Measured total cross section with statistical errors in

ub vs photon energy with the ChPT calculatiddg and the em-
pirical fits. The new Main2TAPS) data (circle) [15], Saskatoon

(plus) [16], and older Mainz pointgcross [8] are sh

own. The bot-

tom figure shows the energy region through thén threshold in

145 150 155
k, (MeV)

-0.12 160

FIG. 4. B coefficient(with statistical errorsvs photon energy
from fits and ChPT. Circles represent theB,C fit, the solid line
represents the unitary fit, and the dash-dot line the ChPT.

The values presented for ChPZ] were obtained by fitting

the numerical calculations with Eq&) and (9) and finding

the best fit parameters. The agreement between the fitted
form and numerical results is excellent.

For thep-wave multipoles one can see from Table Il that
the extracted values d?; and P,3 are in good agreement
with ChPT[4]. In this part of the calculation there is only
one low-energy constanbf) which was fit to the data. On
the other hand, there is a large systematic erroPfar. This
can be seen by comparing the much different values obtained
from the unitary and multipole fits. These results straddle the
ChPT value. The fact that the next-to-leading-order slope of
the p wave multipoles is not strongly constrained by the data
will have consequences in the determination oEjn (see
Sec. V. o _

The parameters for Bg, (B, A, andA) are significantly
different between the unitary fit and the ChPT calculation.
As will be shown below(see Fig. 8 and discussipthe two
resulting curves both are in reasonable agreement with the
extracted values of R, from the multipole fit. It should
be pointed out that for this multipole there are two low-
energy parametera( anda,) that have been fit to the data.

The results for the total cross section are shown in Fig. 3.
It can be seen that there is a discrepancy between the Saska-
toon [16] and TAPS[15] results particularly fork,>152
MeV. The older Mainz resultg8] tend to be in better agree-
ment with the Saskatoon data. Unfortunately the cause of

more detail. In both figures dash-dash line represents the multipolthis disagreement is not known.
fit, dash-dot line the ChPT result, and dot-dot line only the The Saskatoon group did not publish any differential
p-wave contribution to the ChPT. cross-section data. The only information that is presented is
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0.5 T T T T T
of 4
0.45-
-0.02[ B
0.4r
0.35+ -0.04 -
0.3 -0.06 .
g 2
é 0.25¢ S
< & —0.08F .
0.2 AN
-0.1r \\\‘\\_\ h
0.15F
-0.12f ]
0.1
-0.14- B
0.05-
. . L -0.16— . : ;
0 145 150 1565 160 145 150 155 160
k, (MeV) k, (MeV)
FIG. 5. A coefficient(with statistical errorsvs photon energy FIG. 6. C coefficient(with statistical errorsvs photon energy

from fits and ChPT. Circles represent tAeB,C fit, the solid line from fits and ChPT. Circles represent theB,C fit, the solid line
represents the unitary fit, the dash-dash line the multipole fit, théepresents the unitary fit, the dash-dash line the multipole fit, and
dash-dot line the ChPT, and the dot-dot line fhevave contriou-  the dash-dot line the ChPT.
tion to ChPT.
ChPT calculation is in reasonable agreement with
the “belt pattern” for the angular distributions. In order to ~ The results for theC coefficient are shown in Fig. 6. It
use this information one has to perform a Monte Carlo cal<an be seen that all of the fits and the results of ChPT are in
culation using predicted differential cross sections which argood agreement. In addition a fit in which the B, andC
then compared with the “belt patterns.” We therefore cannotcoefficients at each energy are found from a least-square fit
compare the results presented here for the differential crode the data are also presented. In this case the energy depen-
sections with the Saskatoon data. dence of theC coefficient is not constrained by theory. The
From Fig. 3 one can see that the ChPT fit is in goodscatter of thes& coefficients indicate that the data do not
agreement with the TAPS data and not in agreement with thetrongly constrain th@-wave multipoles despite the fact that
Saskatoon data. This is not surprising since the three frethis is the dominant multipole in the unpolarized cross sec-
parameters of ChPT were fit to the TAPS data. One alstion. We conclude that although the present results are con-
notes that thg-wave contribution to the total cross section is sistent with the ChPT theory calculations that the experiment
dominant except for the first few points above thresholdwith linearly polarized photons recently completed at Mainz
This makes it difficult to see the effect of tite wave uni- [22] is needed for a more precise measurement of the
tary cusp in the cross section. p-wave multipoles. The results from the analysis of this ex-
The results for thé coefficient are shown in Fig. 4. This periment will be available in the next year.
shows the effect of the predicted unitary cusp because itis an The extracted values of the magnitude of
sp interference amplitude. The extracted values of Be
coefficient are in reasonable agreement with the unitary fit
and with ChPT[4] because only the statistical errors are
shown. An estimate of the systematic errors can be inferred
from the scatter of the points. are shown in Fig. 7. These are obtained from the unitary fit
The results for thé\ coefficient are shown in Fig. 5. This to the Mainz/TAPS datél5] and from the published Saska-
is the most accurately measured coefficient sincaoon results[16]. Despite the discrepancy in the measured
o(6=90°)=(g/k)A, and since the total cross section is pro-total cross sections, the two data sets result in values of
portional toA+C/3 and|C|<A. As a consequence the er- |Ey, | which are in reasonable agreement. The fitting errors
rors for A are small. In contrast to thB coefficient, the for the unitary fit are significantly smaller than the errors
unitary cusp is hardly visible. This is due to the dominanceshown for the individual points of the Saskatoon data since
of p waves as shown in Fig. 5. It can also be seen that théhey represent an overall fit to the data.

|Eo+|= \/(RdE0+)2+(|mEo+)2
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1.6r T

1.2f

IEo.| (109,
Re(Eq,) (103m.)

0.81

0.4r

1.6 .
ST 15 160

145 15 160 0 k, (MeV) 155

0 1
k, (MeV)

FIG. 7. |Eo.| vs photon energy. Plus represents the Saskatoon FIG. 8. Ré&q. vs photon energy. The circles represent the mul-
data, the solid line represents the unitary fit, the dash-dot line théiPole fit, the solid line represents the unitary fit, and the dash-dot
ChPT, and the dot-dot lines represent the fitting errors of the unitaryine the ChPT fit.
fit.

follow from first principles which should cause relatively

The extrapolated threshold values foE,, are small analysis errors. In this section the sensitivity to these
—1.13+0.04 for the unitary fit and-1.5+=0.1 for the mul- assumptions will be explored to obtain a measure of the un-
tipole fit in the usual unit§14]. These two values do not certainties, and also to explore how future data, particularly
agree because the two analyses give a somewhat differefith polarization degrees of freedom, can improve the situ-
energy dependence f&,, . Taking the average of the two ation. _ _ o
values and adjusting the error to reflect this disagreement, The major model assumption that was made in this analy-
the threshold value OE,, = —1.3+0.2[14] was obtained. SIS IS the assumption that tiprwave muItlp_oIes have the
This value is in good agreement with the Saskatoon result gf@me analytic energy dependence as predicted by CAPT
—1.32+0.1[14,16 but disagrees with the older prediction !N part this assumption has been checked by the fact that the

of the low-energy theoremgl1,17 of —2.28 [14] which  léast-square parameters are close to those of Clzee
have been shown to be incompléte12]. Table Il). In order to further check this assumption an addi-

The R&,, as extracted from the multipole fit is pre- tional fit was made which was very similar to the multipole

sented in Fig. 8. This agrees with the Saskatoon refigs  fit [EQ. (8)] except that the-wave multipoles were assumed
and the older Mainz resulf$] within the experimental er- to vary linearly withq [i.e., P,3=0 in Eq. (8)]. This fit is
rors. The effect of the rapid energy variation of lRe be-  quantitatively similar to those in which the-wave multi-
low the 77" n threshold is again visible in qualitative agree- poles were assumed to vary @& [13]. The results of doing
ment with the ChPT calculatiof#] and the unitary fit. Note this can be surmised by the observation thais the best
that the errors shown in Fig. 8 are statistical only. The magmeasured of the three coefficients in Eg) and by noting
nitude of the systematic errors can be inferred from the scathat this determines the absolute valuesgf, in addition to
ter of the points. the dominantp-wave contribution. Since R, is deter-
mined from theB coefficient this determines Iy, after a
suitable subtraction of the-wave contribution. If one as-
sumes a smaller energy dependence inptveave multipole
The differential cross section for unpolarized photons inthen a stronger energy dependence will emerge fdglm
Eqg. (2) shows that three independent combinations of thelhe results for the determination of Ep, are presented in
multipoles @A, B, andC) are measured while there are sevenFig. 9 and it can be seen that this is precisely what has
independent multipole parameters for the emissios-@fnd  happened. For the fit in which theewaves are assumed to be
p-wave pions. In order to extract useful information aboutproportional toq the extracted value of3=4.51+0.20,
the multipoles from the data assumptions were made whickvhich is far larger than the value @f=2.82+0.32 obtained

IV. MODEL DEPENDENCE
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FIG. 9. ImEy, vs photon energy. Solid line represents the uni- W

tary fit, dash-dash line the multipole fit, dash-dot line the ChPT, and or
dash-dash line the fit which assumes linear dependenpenaives

of q.

. . , . ) 0 50 100 150

with the multipole fit or3=3.76=0.11 for the unitary fit. (b) 0, (deg)

The two latter fits use thp-wave energy dependence of Eq.

(8). These results fog indicate a strong correlation between FIG. 10. o(6) at 159.1 MeV showing the contributions of the

B andP3. This is to be expected since the only information o g, andC terms(bottom ands andp terms(a). In both graphs
about these parameters is obtained fridrfsee Eqs(4) and  the circles represent Mainz/TAPS data, the dash-dash line repre-
8] sents the multipole fit, and the dash-dot line the ChPT fit. The solid
From the spread in the values gfshown in Fig. 9 and line represents the wave (a) and A term (b) contributions, the
Table 1l one concludes that the systematic error is signifidot-dot linep wave (a) andC term (b) contributions, and the stars
cantly larger than the fit error. This is due to the fact thatrepresensp (a) andB term (b) contributions too(6).
there is not sufficient information in the unpolarized cross — —
section to determine this quantity. Taking the average of thélence of thep wave multipoleq P; and P, in Eq. (8)] are
unitary and multipole fitg8=3.3+0.5(15%). The error re- well determined, but not the next order tefy3 in Eq. (8)].
flects the difference between the results of the two analyseghis is a relatively small effect in the magnitude of the
but does not take the entire possible range of values shown imaves as can be seen from the three curve<fan Fig. 6.

Fig. 9. Experiments with polarized targets are required tol' he question of how accurately the energy dependence of the
precisely determine &y, [6]. p-wave multipoles can be obtained from the data can be seen
The cusp effect is isospin breaking due in part to theby examining the relative contributions of the different terms
threshold difference between th€p and 7" n channels. In  [Egs.(2)—(4)] to the differential cross section. As shown in
the ChPT calculatio4] isospin is broken by inserting the Fig. 10 thep-wave multipoles are dominant. However, to
mass difference between the charged and neutron pions Igxtract their precise magnitude from the data is not trivial.

hand. This leads to a value gf=2.78 which is significantly ~First, as was discussed above, the best measiredeffi-
below the predicted value of 3.670.19 expected from the cient has a tradeoff between Hy, and the energy depen-
predicted values ofEy, (yp—='n) and a(xw" n— xp) dence of thep-wave multipoles. Thd3 coefficient is an in-
guoted in Sec. Il. An improved ChPT calculation which terference term betweeR, and Ré&,, so that only the
takes isospin breaking into account in a more dynamic wayroduct is determined. Only the relatively sm@lcoefficient
seems to be required. It is also of interest to discuss how wehlas purelyp-wave contributions. As was shown in the dis-
the p-wave multipoles are measured. By comparing the valcussion of Fig. 6 this coefficient is less determined tBan
ues obtained from the unitary and multipole fitable 1) it and C. The reason for this is illustrated in Fig. 10 which
can be shown that the leading terms in the energy depershows the contributions of th&, B, andC terms too(6) at
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159.1 MeV. This is a relatively high energy for this analysisthe Saskatoon result of 1.32+0.1[16]. Note that this dis-
so that the contribution of th€ term is as large as possible. agrees with the predictions of the older “low energy theo-
It can be seen that th&-term contribution is harder to de- rems” of —2.28 [11,12 which have been theoretically
termine with precision. It will be much better determined by shown to be incompletgd].

the y+p—a°+p reaction with linearly polarized photons  The predicted unitary cusp in triewave electric dipole
[22]. In this case if one assumes that e, multipole is ~amplitude Eq. [4-6], due to the two-stepyp—m'n
negligible the polarized photon asymmetry at 90° is— 7P, has been observed in experiments at M&820,19
—CI/A. This will be the most precise measurement of theand Saskatoof16,23. Only a range ofg values|Eq. (1)]

energy dependence of tipewave multipoles. between approximately 2.8 and 44 can be obtained from
the unpolarized cross-section dé&ec. V).

The new experiments on the threshelpd— 7°p reaction
mark a significant advance in our understanding of this im-
We have presented a rigorous analysis of the recergortant reaction. The small discrepancy between the TAPS
TAPS/Mainz data[15]. Since there are three independent[15] and Saskatoohl6] results is not understood. A new
observables for the unpolarized cross section, whilesfor experiment with linearly polarized photons has been per-
andp-wave photopion emission there are seven independeriormed [22] and the completion of the data analysis will
amplitudes, some simplifying assumptions must be made. lallow a more complete test of the ChPT predictiphs The
this work these assumptions follow closely from first prin- average value off=3.3+=0.5(15%) has been obtained.
ciples. The systematic errors of the analysis were assessed bBipwever, as discussed these depend on the assumed energy
using several assumptions; the main one is that the energjependence of the-wave multipoles. Further work with po-
dependence of thp-wave multipoles follow approximately larized targets is required to precisely measgewhich
the same analytic form predicted by ChPAI. should provide a measure of tleewave charge exchange
The main conclusion is that the calculation of CHRTis  scattering lengtha e 7 n— 7°p) [6]. On the theoretical
in reasonable agreement with the data. This one-loop calcwside we have seen tremendous progress in our understanding
lation has three low-energy constants which are fitted to thef threshold pion photoproduction and electroproduction.
data. The threshold value dfy, was determined to be Further advances are needed to treat isospin breaking in a
—1.3+0.2 in the usual unitfl4]. This is in agreement with maore rigorous way and to test the convergenc&gf .

V. CONCLUSIONS

[1] See, e.g.Dynamics of the Standard Modeddited by J.F. and V. I. Zakharov, Sov. J. Nucl. Phys2, 333(1971); Nucl.
Donoghue, E. Golowich, and B.R. Holstei@ambridge Uni- Phys.B36, 589(1972.
versity Press, Cambridge, 1992 [12] For critical discussion of the meaning of low-energy theorems
[2] S. Weinberg, Physica /6, 327 (1979; J. Gasser and H. and a review of the literature see, G. Ecker and U. G.Aler,
Leutwyler, Ann. Phys(N.Y.) 158 142 (1984; Nucl. Phys. Comments Nucl. Part. Phy21, 347(1995.
B250, 465 (1985; B250, 517 (1985. [13] A. M. Bernstein and B. R. Holstein, Comments Nucl. Part.

Phys.20, 197(1992); J. C. Bergstrom, Phys. Rev. £}, 1768
(1992); D. Drechsel and T. Tiator, J. Phys. 18, 449 (1992.

[14] The values of the multipoles are quoted in the traditional units
of 107%/m_+.

[15] M. Fuchset al, Phys. Lett. B368 20(1996; M. Fuchs, Ph.D.
thesis, University of Gigen, 1996(unpublished

[16] J. C. Bergstronet al, Phys. Rev. (63, R1052(1996.

[17] G. Hahler, in Pion Nucleon Scatteringedited by H. Shopper,
Landolt-Banstein, New Series, Group X, Vol. &pringer-

[3] For references and the present status of the fieldPeeged-
ings of the Workshop on Chiral Dynamics: Theory and Experi-
ment edited by A. M. Bernstein and M. HolsteiSpringer
Verlag, Berlin, 1995

[4] V. Bernard, N. Kaiser, and U. G. M@ner, Int. J. Mod. Phys.

E 4, 193 (1995: Nucl. Phys.B383 442 (1992; Phys. Rev.
Lett. 74, 3752(1999; Z. Phys. C70, 483(1996); Phys. Lett. B
378 337(1996.

[5] G. Fédt, Nucl. Phys.A333, 357 (1980; L. M. Laget, Phys. Verlag, New York, 1983 Richard A. Arndt, John M. Ford,
Rep.69, 1 (1981; A. N. Kamal, Phys. Rev. Lett63, 2346 Zhujun Li, L. David Roper, Ron L. Workman, Phys. Rev. D
(1989. 43, 2131(1991), andsAID program.

[6] A. M. Bernstein, 7N Newsletter11, (1995, Proceedings of [18]v. Bernard, N. Kaiser, and UIf. G. Mgner, Phys. Lett. BB09
the PANIC Conferencel 996 (in press. 421(1993.

[7] S. Weinberg, inTransactions of the N.Y. Academy of Science [19] V. Bernard, N. Kaiser, and UIf. G. Mgher, Phys. Lett116,
Series Il, Vol. 38(l. I. Rabi Festschrift, 185 (1977; Contri- (1996.
bution in Ref.[3]; U. van Kolk, Ph.D. thesis, University of [20] E. Amaldi, S. Fubini, and G. FurlaiRion Electroproduction
Texas, 1995unpublishedl Springer Tracts in Modern Physics, Vol. 83pringer, Berlin,

[8] R. Becket al, Phys. Rev. Lett65, 1841(1990. 1979.

[9] E. Mazzucatcet al, Phys. Rev. Lett57, 3144(1986. [21] D. Sigget al, Phys. Rev. Lett75, 3245(1995; M. Janousch

[10] R. Beck, inParticle Production Near ThresholdAIP Conf. et al, Proceedings of the PANIC Conferendeef. [6]).
Proc. No. 221, edited by H. Nann and E. J. Stepherié®R,  [22] R. Becket al, recently completed a TAP$(y,7°) experi-
New York, 1990. ment at Mainz(unpublishegl

[11] P. de Baenst, Nucl. Phy®24, 633 (1970; A. I. Vainshtein  [23] J. C. Bergstrom, submitted taN Newsletter.



