
PHYSICAL REVIEW D 67, 114018 ~2003!
pp scattering S wave from the data on the reactionpÀp\p0p0n

N. N. Achasov* and G. N. Shestakov†
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The results of the recent unpolarized target experiments on the reactionp2p→p0p0n performed at KEK,
BNL, IHEP, and CERN are analyzed in detail. In practice, the unpolarized data allow information onpp
scattering to be obtained under the assumption of the dominance of the one-pion exchange mechanism. In this
way, for theI 50ppS wave phase shiftd0

0 and inelasticityh0
0 a few sets of values are obtained up to about

1.64 GeV. These sets correspond to the ambiguous solutions found for the partial wave amplitudes. The
difficulties emerging when using the physical solutions for thep0p0 SandD wave amplitudes extracted with
partial wave analyses are discussed. Attention is drawn to the fact that, for thep0p0 invariant massm above
1 GeV, the other solutions, in principle, are found to be preferred to the physical ones. To clarify the situation
and further study thef 0(980) resonance, thorough experimental investigations of the reactionp2p→p0p0n in

the m region near theKK̄ threshold are required.
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I. INTRODUCTION

The reactionspN→ppN so far are the major source o
information on the processespp→pp. At high energies
and small values of the momentum-transfer squared from
incident p to the outgoingpp system, 0,2t,0.2 GeV2,
the reactionspN→ppN are dominated by the one-pion e
change mechanism. In treating the data on these reaction
partial wave analysis method is used. As a rule, a few p
sible solutions for the partial wave amplitudes of the fin
pp system are obtained. In some cases, the preferred s
tion is selected from additional physical arguments. Gen
ally, to obtain reliable and unambiguous results in a w
region of m, high statistics, polarized targets, and prec
measurements of thepN→ppN reaction cross section a
different energies are needed. Detailed reviews and com
hensive discussions of the experimental results on the r
tions pN→ppN andpp scattering in the region 2mp,m
,2 GeV available by 1999 were presented in Refs.@1,2#.

In this work we analyze the recent data on the intensi
and relative phases of theSandD partial waves of thep0p0

system produced in the reactionp2p→p0p0n. The data
were obtained in unpolarized target experiments with in
dentp2 energies of 8.9, 18.3, 38, and 100 GeV performed
KEK @3#, BNL @4#, IHEP @5#, and CERN@6#, respectively.
Our main goal is to obtain information on thepp S wave
phase shiftd0

0 and inelasticityh0
0 in the channel with isospin

I 50, which would be complementary to the previous ‘‘c
nonical’’ data extracted from the 17.2 GeV experiments
the reactionsp2p→p1p2n @7–12#. It is well known from
the earlier analyses@1,2,7–12# that in practice the unpolar
ized data allow information onpp scattering to be obtaine
under the assumption of the dominance of the one-pion
change~OPE! mechanism; here too we continue the disc
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sion of the possible consequences of this approach. Fur
more, there exists the above problem of the ambiguous s
tions for the partial wave amplitudes. In this connection
especially emphasize the strong likeness of the physical
lutions selected in all four experiments onp0p0 production
and also the common difficulties that emerge in interpret
these solutions and in their comparison with thep1p2 data.
It turns out, in particular, that some of the physical solutio
found lead to considerable violations of the unitarity con
tion for thepp scattering amplitude in question. In additio
we conclude that the data onp0p0 production are indicative
of a noticeably smaller value of thef 2(1270)→pp decay
branching ratio in comparison with the Particle Data Gro
~PDG! data@13#. In connection with the considerable intere
in the light scalar meson sector~see for reviews Refs
@1,2,13–15#!, we suggest performing especially careful me
surements of the reactionp2p→p0p0n in the m region
from 0.9 to 1.1 GeV, i.e., near theKK̄ threshold. This would
allow the f 0(980) coupling constant to theKK̄ channel to be
determined more reliably and also resolve the long-stand
question@16# of a possible ambiguity in the behavior of th
phase shiftd0

0 above theKK̄ threshold.
The paper is organized as follows. In Sec. II, the KE

results@3# are analyzed. In Ref.@3# the data on the phas
shift d0

0 were obtained in them region from 0.36 to 1 GeV.
The d0

0 values found by us in a different way in the interv
0.68<m<1 GeV agree with the KEK data@3# within ex-
perimental uncertainties. We also present new results fod0

0

and h0
0 in the region 1,m,1.64 GeV. In Sec. III, an ex-

trapolation of theS andD wave mass distributions obtaine
in the BNL experiment@4# from the physical region of the
reaction p2p→p0p0n to the pion pole (t5mp

2 ) is per-
formed. Considering the different solutions found in Ref.@4#
for these distributions, we obtain a few sets of values ford0

0

andh0
0 in them region from 0.32 to 1.52 GeV. In Sec. IV, th

GAMS results on the reactionp2p→p0p0n @5,6# are dis-
cussed. The difficulties encountered while analyzing
p0p0 data@3–6# are summarized and discussed in Sec. V.
©2003 The American Physical Society18-1
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FIG. 1. ~a!–~c! The KEK data
on the reaction p1p2→p0p0

@3#. ~a! The normalizedSwave in-
tensity uASu2. ~b! The normalized
D wave intensityuADu2; the curve
is the fit using Eq.~1! with the
parameters off 2(1270) presented
in Eq. ~2!. ~c! The relative phased
between the amplitudesAS and
AD . ~d! The I 50 ppS wave
phase shiftd0

0 obtained from the
data onuASu2 alone under the as
sumption thath0

0 is unity.
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Sec. VI, we formulate briefly a few concrete suggestions
further studying the reactionp2p→p0p0n which, one can
hope, will be used to clarify the experimental situation.

II. ANALYSIS OF THE KEK DATA

In the KEK experiment@3#, the data on the intensities an
relative phases of theS andD partial waves for the reaction
p1p2→p0p0 were obtained in them interval from 0.36 to
1.64 GeV. They were extracted from thep2p→p0p0n data
by using the linear Chew-Low extrapolation and partial wa
analysis. Because the absolutep0p0 production cross sec
tion was not determined in the experiment, theSandD wave
intensitiesuASu2 and uADu2 were initially presented in arbi
trary ~identical! units @3#. Any alternative solution foruASu2

and uADu2 was not discussed in Ref.@3#. The S andD wave
intensities are related to the phase shiftsd0

I and d2
I and in-

elasticitiesh0
I and h2

I in the conventional way:uASu2;ua0
0

2a0
2u2, where a0

I 5@h0
I exp(2id 0

I )21#/2i , and uADu2;ua2
0

11401
r

e

2a2
2u2, wherea2

I 5@h2
I exp(2id 2

I )21#/2i . To findd0
0 below the

KK̄ threshold, it was assumed@3# that in this regionh0
0

5h0
251, and consequentlyuASu2;sin2(d 0

02d 0
2). As is well

known from a large number of previous experiments,
phase shiftd0

0 smoothly goes through 90° in the region 0
,m,0.9 GeV and the phase shiftd0

2 is negative, smooth
and small~see, for example,@2,7,8,17#!. Therefore, to extract
the phase shift differenced0

02d0
2 from the unnormalized

data, the following normalization condition was accepted
Ref. @3#: the maximum value ofuASu2 is equal to 1. The KEK
data for theS and D partial wave intensities normalized i
this way are shown in Fig. 1, together with the data on
relative phased5fS2fD between the amplitudesAS
5uASuexp(ifS) and AD5uADuexp(ifD). The values of theI
52pp Swave phase shiftd0

2 used in Ref.@3# were given by
the parametrizationd0

2520.87q @with q5(m2/42mp
2 )1/2 in

GeV andd0
2 in radians#, and in this way the data ford0

0 were
obtained in them region from 0.36 to 1 GeV. In the follow-
ing, for d0

2 we shall use the fit to the data from Refs.@17,18#
8-2
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pp SCATTERINGS WAVE FROM THE DATA ON THE . . . PHYSICAL REVIEW D 67, 114018 ~2003!
which is shown in Fig. 2.1 Using the fit and the data foruASu2

shown in Fig. 1~a! we also determined the values ofd0
0 for

m,1 GeV. They are plotted in Fig. 1~d!. The resulting val-
ues are in excellent agreement with those obtained
Ref. @3#.

We now determined0
0 andh0

0 simultaneously by using the
available data on the relative phased and the intensityuASu2
@see Fig. 1~c! and 1~d!# in the m region from 0.68 to 1.64
GeV. In order to estimate the phasefD we neglect the tiny
amplitudea2

2 @17,18# ~which is quite reasonable because t
experimental errors ofuADu2, as is seen from Fig. 1~b!, are
not too small! and assume that theD wave amplitude is
dominated by thef 2(1270) resonance contribution and c
be written in the form

AD5
mf 2

Bf 2ppG

mf 2

2 2m22 imf 2
G

, ~1!

where G5(mf 2
/m)G f 2

(q/qf 2
)5D(qf 2

Rf 2
)/D(qRf 2

), D(x)

5913x21x4, qf 2
5(mf 2

2 /42mp
2 )1/2, Rf 2

is the interaction

radius, andmf 2
, G f 2

, andBf 2pp are the mass, width, andpp

decay branching ratio of thef 2(1270). The fitted curve in
Fig. 1~b! corresponds to the following values of thef 2(1270)
resonance parameters:

mf 2
51.28360.008 GeV, G f 2

50.17060.014 GeV,

1This fit was obtained with the parametrizationd0
252aq/(1

1bm21cm41dm6), with a555.2163.18 deg/GeV, b50.853
60.254 GeV22, c520.95960.247 GeV24, and d50.314
60.070 GeV26. In addition, lacking reliable data on the deviatio
of h0

2 from 1, we seth0
251 for all considered values ofm. When

more detailed data onh0
2 are available, it will be interesting to tak

into account possible inelastic effects. It is not unreasonable to t
that such effects may appear in theI 52pp channel only above the

nominalrr threshold~1.54 GeV!, but not above theKK̄ threshold
as in theI 50 pp channel.

FIG. 2. TheI 52ppS wave phase shiftd0
2. The data are from

Refs. @17# ~solid circles! and @18# ~open circles!. The curve corre-
sponds to the fit described in the text.
11401
in

Rf 2
53.5960.71 GeV21, Bf 2pp50.76060.034.

~2!

Thus, the phasefD is defined by that of the Breit-Wigne
amplitude~1!. To express the parametersd0

0 andh0
0 in terms

of the known valuesd, uASu2, d0
2 , andfD , it is convenient

to represent the amplitudeAS in the form ~see footnote 1!

AS5e2id0
2S h0

0e2i (d0
0
2d0

2)21

2i
D 5e2id0

2
ÃS5ei (2d0

2
1f)uÃSu,

~3!

wheref is the phase of the amplitudeÃS . The distinctive
feature of the amplitudeÃS is that in its Argand diagram the
relations betweend0

02d0
2, f, h0

0, and uÃSu formally look
like the relations between the corresponding parameter
any unitary partial wave amplitude with definite isospinI; for
example, the phasef is confined within the range from 0° to
180° because Im(ÃS).0. Thus, we have

f5d22d0
21fD , h0

05A124uASusinf14uASu2, ~4!

sin 2~d0
02d0

2!5
2uASucosf

h0
0

,

cos 2~d0
02d0

2!5
122uASusinf

h0
0

. ~5!

Since the interference between theS andD partial waves
is defined by the productuASuuADucosd and cosd determines
d only up to the sign, two solutions always exist: the soluti
with d.0 and the other one withd,0. Moreover, if cosd is
close to 1~and udu'0) in some region ofm then in this
region a transition from one solution to the other is possib
The KEK data@3# presented in Fig. 1~c! show that the phase
d changes most rapidly near theKK̄ threshold@which is one
of the evident manifestations of thef 0(980) resonance# and
that just near 1 GeV cosd '1. Thus, in principle, we have
four possible variants:~i! d.0 for m,1 GeV andd,0 for
m.1 GeV, ~ii ! d.0 for all m, ~iii ! d,0 for all m, and~iv!
d,0 for m,1 GeV andd.0 for m.1 GeV. However, the
variants~iii ! and ~iv! with d,0 for m,1 GeV can be re-
jected at once. Estimatingd for m,1 GeV by using the
relationd5d0

01d0
22fD , one can easily verify thatd must

be positive in this region with the conventional definition
the signs of the phase shiftsd0

0, d0
2, andfD @see Fig. 1~d!, 2,

and Eq. ~1!#. So, we shall consider only the variants~i!
and ~ii !.

Figure 3 shows the values ofd0
0 andh0

0 extracted from the
KEK data @see Fig. 1~a!, 1~b!, and 1~c!# in the region 0.68
,m,1.64 GeV by using Eqs.~4! and~5! for the two above
mentioned variants of thed phase behavior. The values ofd0

0

in the region 0.36,m,1 GeV obtained above from the da
on uASu2 with h0

051 @see Fig. 1~d!# are also shown in Fig.
3~a! and 3~b! for comparison and completeness. As is se
for example, from Fig. 3~a!, the sets ofd0

0 values found in

k

8-3
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FIG. 3. The solid circles show
the values of the phase shiftd0

0 ~a!
and inelasticityh0

0 ~b! extracted
from the KEK data@3# on the re-
action p1p2→p0p0 in the case
that the m dependence of the
phased corresponds to variant~i!
described in the text.~c!,~d! The
same for variant~ii !. The open
diamonds show the values ofd0

0

corresponding to Fig. 1~d!.
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the region 0.68,m,1 GeV in two different ways are in
quite reasonable agreement with each other. In obtainingd0

0

and h0
0 in the general case, the Argand diagram of the a

plitude ÃS was built for each variant. After this the values
2(d0

02d0
2) obtained from Eqs.~4! and ~5! were finally de-

fined by the requirement that those ofd0
0 be smoothly con-

nected as a function ofm. That a strong violation of unitarity
takes place in variant~ii ! for m.1.16 GeV@see Fig. 3~d!#
can easily be understood from the relationf5d22d0

21fD

@see Eq.~4!#. The fact is that the values off in this case fall
into the range from 180° to 360°, which is forbidden, asf is
the phase of the formally unitary amplitudeÃS . Further-
more, in variant~ii !, the phase siftd0

0 for m.1 GeV @see
Fig. 3~c!# is in rather poor agreement with thep1p2 pro-
duction data@7–12# according to which, for example, atm
'1.3 GeVd0

0 has to be close to 270°. Thus, variant~ii ! with
d.0 for all m can be rejected. As for variant~i!, there is a
set of specific features which, to our knowledge, are miss
from thep1p2 data@7–12#. As is seen from Fig. 3~a! and
3~b!, in this case we have noticeable differences ofh0

0 from
unity for m,1 GeV, its approximate equality to 1 for
,m,1.12 GeV, violation of unitarity near 1.2 GeV, an
11401
-

g

sharp jumps ofd0
0 andh0

0 with further increasingm. There is
little doubt that these features are artifacts of the partial w
analysis of thep2p→p0p0n data.

Another difficulty is that the accepted normalization f
uASu2 leads toBf 2pp50.76060.034@see Eq.~2!#, while ac-

cording to the PDG data@13# Bf 2pp50.84760.013
0.024. These

two values agree with one another only within their doub
errors. Hence, in principle, one may conclude that thep0p0

data @3# indicate that the absolute cross section of t
f 2(1270) resonance formation through the OPE mechan
in the reactionp2p→p0p0n might turn out to be approxi-
mately 20% smaller, at least atm'mf 2

, than that expected
from the PDG data@13#. Alternatively, the KEK data@3#
might be normalized with use of the known value maxuADu2

5(11h 2
0)2/45Bf 2pp

2 with Bf 2pp from Ref. @13#. However,

in this case, the resulting values ofuASu2 in the most inter-
esting region of the lightest scalar resonances(600)
@3,13,19# would be approximately 25% higher than the un
tarity limit for uASu2.

We shall see in the next sections that the other experim
tal data for the reactionp2p→p0p0n lead to very similar
difficulties.
8-4
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pp SCATTERINGS WAVE FROM THE DATA ON THE . . . PHYSICAL REVIEW D 67, 114018 ~2003!
III. ANALYSIS OF THE BNL DATA

In the BNL experiment@4#, high statistics on the reactio
p2p→p0p0n ~about 8.53105 events! were accumulated
and a detailed partial wave analysis of thep0p0 angular
distributions was performed. This analysis has been done
ten sequential intervals in2t covering the region 0,2t
,1.5 GeV2 and over them range from 0.32 to 2.2 GeV
scanned with a 0.04-GeV-wide step. As a result, two so
tions for the unnormalized intensities of theSandD0 partial
waves and four~because of a sign ambiguity! for their rela-
tive phase were obtained. The above quantities were den
in Ref. @4# by uSu2, uD0u2, and wS-D0

, respectively; in so

doing, D0 denotes theD wave with Lz50, whereLz is a
projection of thep0p0 relative orbital angular momentum o
thez axis in the Gottfried-Jackson reference frame@4#. In the
following, we shall use these notations, too. One of the
lutions for theSandD0 wave intensities, which is characte
ized by a large magnitude ofuSu2 and a small one ofuD0u2
for m,1 GeV, and which is smoothly continued to th
higher mass region, where theD0 wave is dominated by the
f 2(1270) resonance contribution, was selected in Ref.@4# as
the physical solution. Together with the intensitiesuSu2 and
uD0u2, the physical solution also includes two correspond
sets of thewS-D0

phase values which differ only in sign. Not

that the other solution intersects with the physical one am
'1 GeV. We agree with the physical arguments given
Ref. @4# based on which the other solution can be rejected
the regionm,1 GeV. However, form.1 GeV we shall
analyze the two solutions and also the cases with transit
of the phasewS2D0

from one solution to the other one.

For the analysis we take the BNL data@4# on uSu2, uD0u2,
and wS-D0

pertaining to five intervals of2t, 0.01,2t

,0.03 GeV2, 0.03,2t,0.06 GeV2, 0.06,2t
,0.1 GeV2, 0.1,2t,0.15 GeV2, and 0.15,2t
,0.2 GeV2, and to the region 0.32,m,1.6 GeV. Note that
data onwS-D0

are available only form.0.8 GeV. To obtain

the values of the quantitiesuASu2, uADu2, andd ~see Sec. II!
as functions of m, characterizing the reactionp1p2

→p0p0 on the mass shell, we parametrize thet dependence
of uSu2, uD0u2, andwS-D0

by means of the following expres
sions:

uSu25
m2

q
uASu2

2t exp@bS~ t2mp
2 !#

~ t2mp
2 !2

,

uD0u255
m2

q
uADu2

2t exp@bD0
~ t2mp

2 !#

~ t2mp
2 !2

, ~6!

wS-D0
5d1a~ t/mp

2 21!, ~7!

and, in each 0.04 GeV mass bin, thus determine the un
malized intensitiesuASu2 anduADu2, the phased, and also the
slopesbS , bD0

, anda by fitting to the BNL data on thet and
11401
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m distributions by the formulas~6! and~7!.2 In so doing, for
uSu2, uD0u2, andwS-D0

in each2t bin we take into accoun

the physical solution form,1 GeV and the physical and
other ones form.1 GeV. Unfortunately, the absolute valu
of the p2p→p0p0n reaction cross section has not be
determined in the BNL experiment@4#. Therefore, to normal-
ize the extrapolated intensitiesuASu2 anduADu2 we proceed in
the same way as in Sec. II. The extrapolated and normal
data corresponding to the physical and other solutions
plotted in Fig. 4~a!, 4~c!, and 4~e! with solid and open sym-
bols, respectively. It is interesting to note that as a resul
the extrapolation two branches of thewS-D0

phase values for

the other solution~i.e., the branch withwS-D0
.0 for all m

and that withwS2D0
,0 for all m) interweave with each

other in the regionm.1.24 GeV @see Fig. 4~e!# in such a
way that there arise two new branches of the extrapola
phased, which are characterized by a smooth dependence
m and which, for example, can be considered as either in
secting or osculating near 1.26 GeV.

As in Sec. II, we begin with the determination of th
phase shiftd0

0 for m,1 GeV from the data onuASu2 @see Fig.
4~a!# assuming thath0

051 in this region. The resulting phas
shift values are shown in Fig. 5 by open circles. Note t
two points in the regionm'mK disturbed by theKS

0

→p0p0 events@4# are omitted. Then, having the data o
uASu2, uADu2, andd for m.0.8 GeV~see Fig. 4!, we deter-
mine the values ofd0

0 andh0
0 with use of the general formu

las ~3!, ~4!, and~5!. In extracting the information ond0
0 and

h0
0, the phasefD was defined by fitting to the data onuADu2

@see Fig. 4~c!# with use of Eq.~1!, and the parameters o
f 2(1270) were found to be@see also the curves on Fig. 4~c!#,
for the physical solution,

2Such two-parametric fits to the off-shell partial wave intensit
have been widely used in the literature to obtain suitably extra
lated data~see, for example, Refs.@9,17,20,21#!. However, the de-
termination of the phased by use of direct extrapolation of the dat
on the phasewS-D0

@see Eq.~7!# may provoke a question. If data o
the S-D0 interference contribution, as such, had been presente
Ref. @4#, the problem would not have arisen. The fit of such data
the function 22ta exp@b(t2mp

2)#/(t2mp
2)2, analogous to those in

Eq. ~6!, and the identification of the fitted parametera with
A5(m2/q)uASuuADucosd, would allow udu to be determined in the
proper way. Because such data are not available, an indirect te
the results obtained with Eq.~7! was carried out. Using the data@4#
on uSu2, uD0u2, and wS-D0

, we constructed the quantity
2uSuuD0ucoswS-D0

and found with the above extrapolation the o
shellS-D interference contribution. Then, knowinguASu2 anduADu2

independently, we determinedd as a function ofm. The d phase
values obtained in the two ways are in very close agreement
each other. Certainly, owing to the forced double recounting of
errors of the input data with the indirect test, the errors ofd turn out
to be larger than those obtained from the fit by Eq.~7!. On the other
hand, when the values ofd are determined by using Eq.~7!, their
errors in practice are not different from the errors of the input d
for wS-D0

. All the aforesaid allowed us to prefer the determinati
of the phased by use of Eq.~7!.
8-5
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FIG. 4. The results of the extrapolation of the BNL data@4#. ~a! The extrapolated and normalizedSwave intensity.~c! The extrapolated
and normalizedD wave intensity.~e! The extrapolated relative phased between theS andD wave amplitudes. The slopesbS ~b!, bD0

~d!,
anda ~f! as functions ofm. The solid circles correspond to the physical solution. The open circles@and also the open triangles in plot~e!
for d] correspond to the other solution. The lower and upper curves in plot~c! are the fits using Eq.~1! with the parameters off 2(1270)
presented in Eqs.~8! and ~9!, respectively.
ns
are
e
ith

y,

e

l

mf 2
51.27960.002 GeV, G f 2

50.20560.005 GeV,

Rf 2
53.9660.24 GeV21, Bf 2pp50.69760.008,

~8!

and, for the other solution,

mf 2
51.28160.002 GeV, G f 2

50.21160.005 GeV,

Rf 2
54.6560.33 GeV21, Bf 2pp50.71260.007.

~9!
11401
Our results obtained for the previously selected solutio
among all the possible ones, which are shown in Fig. 4,
plotted in Fig. 5 with solid circles. Strictly speaking, th
selection is reduced to rejection of the physical solution w
d,0 for m,1 GeV @see Fig. 4~e!#, since a simple estimate
d0

05d2d0
21fD ~see Sec. II! yieldsd0

0'2(25–40)° for this
solution in the region of 0.8–1 GeV, which is, certainl
unsatisfactory. In its turn, Fig. 5~a! and 5~b! show that the
physical solution withd.0 for all m can also be rejected du
to strong violation of the unitarity condition form
.1.2 GeV. Figures 5~c! and 5~d! correspond to the physica
8-6
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FIG. 5. The phase shiftd0
0 and inelasticityh0

0 extracted from the BNL data@4#. Plots~a! and~b! correspond to the physical solution~see
Fig. 4! with d.0 for all m. Plots ~c! and ~d! correspond to the physical solution with a transition of the phased at m'1 GeV from the
branch pertaining to its positive values to that with its negative ones@see Fig. 4~e!#. Plots~e! and ~f! correspond to the combination of th
physical solution withd.0 for m,1 GeV and the other solution form.1 GeV with d.0 in the region 1,m,1.28 GeV and withd
,0 in the region 1.28,m,1.52 GeV@see Fig. 4~a! and 4~e!#. Plots~g! and~h! correspond to the combination of the physical solution w
d.0 for m,1 GeV and the other solution form.1 GeV with d,0 in the region 1,m,1.52 GeV@see Fig. 4~a! and 4~e!#. The open
circles show the values of the phase shiftd0

0 obtained from the data onuASu2 for m,1 GeV @see Fig. 4~a!# alone under the assumption th
h0

0 is unity.
ts
e

ob
solution for uASu2, uADu2, and d with the transition of the
phased at m'1 GeV from the branch withd.0 to that
with d,0 @see Fig. 4~e!#. Such a physical solution consis
with unitarity but corresponds to the weak coupling betwe
thepp andKK̄ channels near theKK̄ threshold. Indeed, for
this solution h0

0 is close to unity in the region 1,m
,1.15 GeV. However, the latter disagrees with the data
11401
n

-

tained from the reactions p2p→p1p2n, p1p

→p1p2D11, and pN→KK̄(N,D) ~see, for example,
Refs.@7,9,10,16,22,23#!. Figures 5~e! and 5~f! correspond to
the combination of the physical solution withd.0 for m
,1 GeV and the other one form.1 GeV with d.0 in the
region 1,m,1.28 and d,0 in the region 1.28,m
,1.52 GeV@see Fig. 4~a! and 4~e!#. Finally, Fig. 5~g! and
8-7
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5~h! correspond to a similar combination of the physical s
lution and the other one for whichd,0 for m from 1 to 1.52
GeV @see also Fig. 4~e!#. Certainly, there are two more var
ants which differ from the last two ones only by the sign
d for m.1.28 GeV@see Fig. 4~e!#. These variants lead, how
ever, to appreciable violations of the unitarity condition f
m.1.32 GeV, and therefore are of little interest. Thus, o
can conclude that just the variant presented in Fig. 5~e! and
5~f! is, in many respects, in qualitative agreement with
results of the previous partial wave analyses of thep1p2

data@1,7,9,11#. As indicated above, this variant correspon
to the positive relative phased5fS2fD up to thef 2(1270)
resonance and the negative one above it. An important p
is that this behavior ofd as a function ofm is strongly
confirmed by the pioneering data from the polarized tar
experiment for the reactionp2p→p1p2n at 17.2 GeV
@11#.

Comparing Fig. 5 with Fig. 3, we just note that the BN
data lead to obviously higher values of the phase shiftd0

0 for
m,0.5 GeV than the KEK data.

Finally, as is seen from Eqs.~8! and ~9!, the BNL data
indicate that the branching ratioBf 2pp can amount to ap-
proximately 84% of the PDG value@13#. The possible con-
sequences of a similar discrepancy have already been
cussed in connection with the KEK data at the end of Sec
~recall that the relevant ratio for the KEK data has be
found to be approximately 90%!. Here we add only the evi
dent remark that, in the case when the absolute normaliza
of the produced events is known, the value ofBf 2pp

2 defines

the height of the resonance mass distribution, whereas
productmf 2

G f 2
Bf 2pp

2 is responsible for the integrated cro

section.

IV. DISCUSSION OF THE GAMS DATA

The highest statistics on the reactionp2p→p0p0n were
accumulated by the GAMS Collaboration in two experime
at 38 GeV @5# and 100 GeV@6#. However, the small2t
region from 0 to 0.2 GeV2 were examined in@5,6# very spar-
ingly. But the data averaged over the small2t region were
presented foruSu2 andwS-D0

in Ref. @5# and for uSu2, uD0u2,

andwS-D0
in Ref. @6#. Such ‘‘global’’ data, of course, do no

permit to perform a proper extrapolation of the mass dis
butions measured from the physical region to the pion p
Nevertheless, we discuss some typical features of the GA
data. The physical solution foruSu2 andwS-D0

and the other

solution only foruSu2 were presented in Ref.@5# in the region
0.8,m,1.6 GeV. ThewS-D0

phase was found to be positiv
in the full mass range@5# ~about the existing ambiguou
solution withwS-D0

,0 the readers, probably, have to gue
by themselves!. In general, the available GAMS data@5# are
very similar to the corresponding BNL data@4#. For example,
in the case of the physical solution,uSu2 andwS-D0

from Ref.
@5# behave as functions ofm in the same way as the extrap
lated quantitiesuASu2 andd shown in Fig. 4~a! and 4~e! by
solid circles. However, it is such a physical solution foruASu2

andd ~with d.0 for all m) that leads to strong violation o
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the unitarity condition form.1.2 GeV @see Fig. 5~b!#. In
analyzing thep0p0 system produced in the reactionp2p
→p0p0n at 100 GeV, the only solution foruSu2, uD0u2, and
wS-D0

was selected and presented by the GAMS Collabo
tion in Ref. @6#. Unfortunately, this unique solution is ver
close to the above physical one obtained in the GAMS
GeV p2p→p0p0n experiment@5#.

It is of first importance that the GAMS Collaboratio
measured the absolute cross section of thef 2(1270) reso-
nance formation in theD0 wave in the region 0,2t
,0.2 GeV2. According to Ref.@24#, at 38 GeV,sD0

„p2p
→ f 2(1270)n→p0p0n…52.360.2 mb. More recently, this
value was used, in particular, to normalize the 100 GeV d
@6#. Although the cross section value obtained is appro
mately 1.5–2 times greater than in a set of previousp0p0

production experiments@24,25#, nevertheless, it is 1.57 time
smaller than the estimate based on the OPE model@the ex-
perimental underestimation of thep2p→ f 2(1270)n
→p0p0n reaction cross section is an old story, all details
which can be found in Ref.@25##. By using this model with
the PDG values ofmf 2

, G f 2
, andBf 2pp @13# we estimate

sD0
„p2p→ f 2~1270!n→p0p0n…

'sOPE
„p2p→ f 2~1270!n→p0p0n…

'
gp2pn

2

4p

5p

mp
2Pp2

2 mf 2
G f 2

2

9
Bf 2pp

2

3E
20.2 GeV2

0 2t exp@bf 2
~ t2mp

2 !#

~ t2mp
2 !2

dt

'3.6 mb, ~10!

where Pp2538 GeV, gp2pn
2 /4p'2314.3, and bf 2

'7.5 GeV221230.8 GeV22ln(38/18.3)'8.68 GeV22 @in
estimating the slopebf 2

, its Regge energy dependence a

the results for the slopebD0
in the f 2(1270) mass region

presented in Fig. 4~d! were taken into account#. Note that
this estimate is in good agreement with the result of
extrapolation of the available data on the reactionp2p
→ f 2(1270)n→p1p2n at 17.2 GeV@8#, 100 GeV, and 175
GeV @26# to the GAMS energy~see Ref.@25# for details!.
Thus, the GAMS data@24# indicate that the value ofBf 2pp

can amount to about 80% of that given by the PDG@13#.

V. DISCUSSION OF DIFFICULTIES

We now briefly summarize the common difficulties e
countered in analyzing the data obtained in four recent
periments on the reactionp2p→p0p0n. First, the physical
solutions selected by using the partial wave analyses of
p0p0 production data lead to values ofd0

0 andh0
0 which are

incompatible with the known results obtained from t
p1p2 data, at least form.1 GeV. Some of these solution
lead to strong violations of the unitarity condition. On th
other hand, among the other solutions one can point ou
principle, the preferred ones. Secondly, it is astonishing t
the data of the four recent experiments onp0p0 production
8-8
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include indications that the value ofBf 2pp might be dis-
tinctly smaller than the currently accepted one. This di
culty is rather serious and highly interesting. Let us rec
that thepp production experiments on unpolarized targe
in particular, those under discussion here, do not permit
contributions of thep and a1 exchange mechanisms to b
separated in principle, even with huge statistics, beca
these contributions to the observed unpolarized cross se
are incoherent@27#; in other words, there is no mode
independent way to do this in the physical region. Therefo
in our opinion, the difficulty withBf 2pp may present itself as
further evidence that, in practice, partial wave analyses of
unpolarized data allow one to determine the intensities
the relative phases of theS, D, etc.,pp partial waves only
approximately, in fact, with any extrapolation method. ‘‘Th
degree of proximity’’ is associated with the poorly know
relative magnitude of the nonleadinga1 exchange contribu-
tion. With high statistical accuracy of the unpolarized da
the presence of thea1 exchange mechanism can manife
itself in the events responsible foruSu2 just in the form of the
above difficulty. In fact, this statement follows naturally fro
the analysis of the unnormalized KEK and BNL data~see the
end of Sec. II and also Sec. V for details!. As for the GAMS
data@24#, they appear to point merely to the general probl
involving accurate measurement of thep2p→p0p0n reac-
tion cross section.

Because thea1 exchange certainly exists, we suggest u
ing in future the more suitable notation for theS-D0 inter-
ference contribution to be extracted in the unpolarized ta
experiments, instead of the commonly used simplified one
the form uSuuD0ucoswS-D0

. It includes mention of the coher
ence factor~see, for example, Ref.@28#! and is more ad-
equate for the measured quantity. Experimentally, theS and
D0 wave intensitiesuSu2 anduD0u2 and theS-D0 interference
contributionjuSuuD0ucosw̃ are measured simultaneously.
fact, uSu[@ uSpu21uSa1

u2#1/2, uD0u[@ uD0pu21uD0a1
u2#1/2,

and the coherence factorj(0<j<1) and the phasew̃ have
the forms

j5U (
i 5p,a1

SiD0i* UY F S (
i 5p,a1

USiU2D S (
i 5p,a1

UD0iU2D G1/2

,

~11!

w̃5arctanF S (
i 5p,a1

USiUUD0iUsinw i D Y
3S (

i 5p,a1
USiUUD0iUcosw i D G , ~12!

whereSp(D0p) andSa1
(D0a1

) are theS(D0) wave produc-

tion amplitudes caused by thep and a1 exchange mecha
nisms, respectively~at high energies thep anda1 exchanges
contribute to thepN→ppN reaction amplitudes with and
without nucleon helicity flip, respectively!, andw i is the rela-
tive phase between the amplitudesSi and D0i . Let us con-
sider the case when the amplitudeD0a1

is negligible. Then,

denotingw̃5wp by wS-D0
, one can see that the real interfe
11401
-
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e

se
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ence contribution differs from that presented with the simp
fied notation uSuuD0ucoswS-D0

by the coherence factorj

51/A11uSa1
u2/uSpu2. If we put j51 for all m, we shall

always deal with the effectively underestimated values
ucoswS-D0

u.
More discussion both of the additional assumptio

needed in analyzing the unpolarized data and of thea1 ex-
change contribution can be found in@1,2,11,12,27,29,30#.

VI. CONCLUSION

Using the simplest method we have extracted the val
of the I 50ppS wave phase shiftd0

0 and inelasticityh0
0 from

the current data on the reactionp2p→p0p0n. Considering
the ambiguous solutions found with the partial wave analy
we have shown that the so-called other solutions, in p
ciple, are found to be preferred to the physical ones in
mass region above 1 GeV. It seems clear that a new se
precise experiments on the reactionp2p→p0p0n is needed
both for more precise definition of thep0p0 production
mechanism and to obtain more detailed information onpp
scattering and light scalar resonances in thepp channel. Let
us formulate in this connection several concrete suggesti
leaving aside the general wish to investigate the reac
p2p→p0p0n on a polarized target.

~1! Detailed data on them and t distributions for the
p0p0S and D0 partial waves, especially in the region 0,
2t,0.2 GeV2 where the OPE mechanism dominates, a
measurements of the absolute value of thep2p→p0p0n
reaction cross section at different energies, for example
KEK, BNL, IHEP, and CERN, would be highly desirable
The relative accuracy of new measurements must be com
rable with ~or better than! that given by the PDG@13# for
Bf 2pp

2 . This would allow one to perform an accurate descr

tion of the f 2(1270) formation differential cross sectio
within the OPE model and to test how well theSwavep0p0

production cross section at its absolute maximum~which is
located in the region 0.6,m,0.8 GeV) agrees with the
OPE model prediction under the standard normalization c
dition according to whichuASu251 ~i.e., d0

02d0
2590° and

h0
05h0

251) at the absolute maximum point. An excess
the experimental values over the model expectations wo
be good evidence, obtained from the unpolarized target d
for the presence of thea1 exchange contribution to theS
wavep0p0 production cross section in the region of its a
solute maximum. Alternatively, if the maximal experiment
value of theSwave cross section turns out to be less than
the OPE model, then it will completely disturb existing ide
about thed0

0 phase shift form,1 GeV, which seems to be
highly unlikely.

~2! We suggest performing in the low2t region espe-
cially careful measurements ofp0p0 production in theS
wave form from 0.9 to 1.1 GeV, i.e., in the region of the we
known interference minimum inuSu2 located near theKK̄
threshold. This would allow one to obtain important add
tional information on thef 0(980) resonance coupling con
stant to theKK̄ channel,gf 0KK̄ , and to resolve the long
8-9
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standing question@16# concerning a possible ambiguity i
the behavior of the phase shiftd0

0 above theKK̄ threshold
which arises atgf 0K1K2

2 /4p.4pmK
2 '3.1 GeV2. Further-

more, the magnitude of theSwave intensity in the immediate
region of the minimum~if it lies below theKK̄ threshold!
can be used to obtain a very strong upper limit on thea1
exchange contribution at small2t in this region ofm.

~3! As a rule, the assumption of phase coherence betw
the D0 andD2 amplitudes is one of those used to select
physical solution; see, for example, Refs.@4,6,9,31#. Here
D2 denotes theD wave with uLzu51, in the Gottfried-
Jackson reference frame, which is produced via unnat
parity exchanges in thet channel of the reactionpN
→ppN. In this connection we would like to call attention t
p

-

et

11401
en
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a new curious circumstance. According to the GAMS me
surements@6#, the ratio uD2u2/uD0u2 in the f 2(1270) mass
region at 100 GeV is half as large as that at 38 GeV. This f
may testify to compensation of thepP anda2P Regge cut
contributions (P denotes the Pomeron exchange! to theD2

wave production amplitude with increasing energy, i.e.,
violation of phase coherence.
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@12# R. Kamiński, L. Leśniak and K. Rybicki, Z. Phys. C74, 79

~1997!.
@13# Particle Data Group, K. Hagiwaraet al., Phys. Rev. D66,

010001~2002!.
@14# N.N. Achasov, Usp. Fiz. Nauk168, 1257 ~1998! @Phys. Usp.

41, 1149~1998!#; Nucl. Phys.A675, 279c~2000!; Yad. Fiz.65,
573 ~2002! @Phys. At. Nucl.65, 546 ~2002!#.

@15# N.N. Achasov, inHadron Specroscopy, edited by D. Amelin
and A.M. Zaitsev, AIP Conf. Proc. 619~AIP, Melville, NY,
2002!, p. 112; W. Ochs,ibid., p. 167; T. Barnes,ibid., p. 447;
E. Klempt, ibid., p. 463.

@16# N.N. Achasov, S.A. Devyanin, and G.N. Shestakov, Phys. L
102B, 196 ~1981!; Yad. Fiz. 32, 1098 ~1980! @Sov. J. Nucl.
Phys.32, 566 ~1980!#.
.

t.

@17# W. Hooglandet al., Nucl. Phys.B126, 109 ~1977!.
@18# N.B. Durusoyet al., Phys. Lett.45B, 517 ~1973!.
@19# N.N. Achasov and G.N. Shestakov, Phys. Rev. D49, 5779

~1994!; M. Harada, F. Sannino, and J. Schechter,ibid. 54, 1991
~1996!; S. Ishidaet al., Prog. Theor. Phys.98, 1005~1997!.

@20# P. Estabrookset al., in p-p Scattering—1973, edited by P. K.
Williams and V. Hagopian, AIP Conf. Proc. 13~AIP, New
York, 1973!, p. 37.

@21# N.N. Biswaset al., Phys. Rev. Lett.47, 1378 ~1981!; N.M.
Casonet al., ibid. 48, 1316 ~1982!; Phys. Rev. D7, 1586
~1983!.

@22# S.D. Protopopescuet al., Phys. Rev. D7, 1279~1973!.
@23# A.D. Martin, E.N. Ozmutlu and E.J. Squires, Nucl. Phy

B121, 514 ~1977!; N.N. Achasov, S.A. Devyanin, and G.N
Shestakov, Usp. Fiz. Nauk142, 361 ~1984! @Sov. Phys. Usp.
27, 161 ~1984!#; Z. Phys. C22, 53 ~1984!.

@24# A.A. Kondashov and Yu.D. Prokoshkin, Nuovo Cimento So
Ital. Fis., A107, 1903~1994!; Yu.D. Prokoshkin, Yad. Fiz.62,
396 ~1999! @Phys. At. Nucl.62, 356 ~1999!#.

@25# N.N. Achasov and G.N. Shestakov, Mod. Phys. Lett. A8, 2343
~1993!.

@26# C. Bromberget al., Nucl. Phys.B232, 189 ~1984!.
@27# N.N. Achasov and G.N. Shestakov, Phys. Rev. D58, 054011

~1998!; Yad. Fiz. 62, 548 ~1999! @Phys. At. Nucl.62, 505
~1999!#.

@28# S. Hagopianet al., Phys. Rev. Lett.25, 1050 ~1970!; G.S.
Adamset al., Phys. Rev. D4, 653 ~1971!; N.N. Achasov and
G.N. Shestakov, Fiz. Elem. Chastits At. Yadra9, 48 ~1978!.

@29# M. Svec, Phys. Rev. D47, 2132~1993!; 53, 2343~1996!.
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