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New explanation of the GAMS results on thef 0„980… production in the reaction p2p˜p0p0n

N. N. Achasov and G. N. Shestakov
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The observed alteration of theS-wavep0p0 mass spectrum in the reactionp2p→p0p0n with increasing
2t, i.e., the disappearance of a dip and the appearance of a peak in the region of thef 0(980) resonance as
2t increases, is explained by the contribution of thep2p→ f 0(980)n reaction amplitude with the quantum
numbers of thea1 Regge pole in thet channel. It is very interesting that nontrivial evidence for thea1

exchange mechanism in the reactionp2p→p0p0n follows for the first time from the experiment on an
unpolarized target. The explanation of the GAMS results suggested by us is compared with that reported
previously. Two ways of experimentally testing these explanations are pointed out.@S0556-2821~98!00317-8#

PACS number~s!: 13.85.Hd, 12.40.Nn, 13.75.Lb
in

e
m

re
th

t

k

he

f
-

-

A

m
-
u-
t
r

ns
f

bers
at

y
ilar
in

two-

u-

sure-

po-
co-
ated
in

bly
vial
n

he

,
wa
ea
r

ions

d
ata
the-

ed
I. INTRODUCTION

Recently, the GAMS Collaboration has continued the

vestigation of the reactionp2p→p0p0n at Plab
p2

538 GeV
@1#. The goal of the new experiment is to study thet behavior
of the S-wave p0p0 mass spectrum in the region of th
f 0(980) resonance (t is the square of the four-momentu
transferred from the incomingp2 to the outgoingp0p0 sys-
tem!. The partial wave analysis performed in the range
,2t,1 GeV2 gave a very interesting and unexpected
sult. The f 0(980) resonance has been seen as a dip in
S-wave p0p0 mass spectrum for2t,0.2 GeV2 @see Fig.
1~a!#, where the reactionp2p→p0p0n is dominated by the
one-pion exchange mechanism,1 whereas for 2t
.0.3 GeV2, it has been observed as a distinct peak@see
Figs. 1~b!–1~f!#. This dip and peak behavior of thef 0(980)
has also been seen in the Brookhaven experiment on

reaction p2p→p0p0n at Plab
p2

518 GeV @16#. A partial
wave analysis of these data is presently being underta
@16#.

In this work we show that the observed alteration of t
S-wavep0p0 mass spectrum in the reactionp2p→p0p0n
with increasing2t can be explained by the contribution o
the p2p→ f 0(980)n reaction amplitude with quantum num
bers of thea1 Regge pole in thet channel. So far this am
plitude has been very poorly studied experimentally.

In fact, we suggest the following plausible scenario.
small2t, the reactionp2p→(p0p0)Sn is dominated by the
one-pion exchange mechanism, and thef 0(980) resonance
manifests itself in the (p0p0)S mass spectrum as a minimu
@(pp)S denotes app system with the orbital angular mo
mentumL50]. However, the one-pion exchange contrib
tion decreases very rapidly with2t ~as is known, at leas
85–90 % of the one-pion exchange cross section for the
actions pN→ppN originate from the region 2t

1As is well known, such a manifestation of thef 0(980) resonance
due to its strong destructive interference with the background,
observed in a large number of previous experiments on the r
tions pN→ppN and pN→ppD(1232), and according to thei
results, it has also been well established in the reactionpp→pp
~see, for example, Refs.@2–11#, and for reviews, Refs.@12–15#!.
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,0.2 GeV2). The most remarkable fact is that the reactio
pN→(pp)SN at high energies involve only two types o
t-channel exchanges, namely, those with quantum num
of the p anda1 Regge poles. Thus, it is very probable th
the reactionp2p→(p0p0)Sn at large2t is dominated by
thea1 exchange, and that thef 0(980) resonance produced b
this mechanism shows itself as a peak. Notice that a sim
manifestation of thef 0(980) resonance has been observed
many reactions not involvingp exchange~i.e., in which the
pp interaction in the initial state is absent!. For example, the
f 0(980) resonance has been seen as a clear peak in the
pion mass spectra in the reactionp2p→p0p0n near thresh-
old and for2t from 0.33 to 0.83 GeV2, where the one-pion
exchange is small @17#, in the reaction K2p
→p1p2(L,S) at 13 GeV@18#, in theJ/c→fp1p2 @19#
and Ds

1→p1p1p2 @20# decays, in the reactiongg
→p0p0 @21#, and also in the inclusivep1p2 production in
gp, p6p, K6p @22#, ande1e2 @23# collisions.

Our explanation of the GAMS results may be unambig
ously verified experimentally in the reactionspN→ppN on
polarized targets because this makes possible direct mea
ments of the interference between thep and a1 exchange
amplitudes. In a cross section summed over the nucleon
larizations, the contributions of these amplitudes are non
herent and, generally speaking, they cannot be separ
without additional assumptions. It is interesting to note
this connection that the GAMS Collaboration has proba
become the first who succeeded in discovering a nontri
evidence for thea1 exchange mechanism in the reactio
p2p→(p0p0)Sn on an unpolarized target.2

In Sec. II, we perform a simultaneous description of t

s
c-

2As is known, the results of the measurements of the react
p6N↑→p1p2N on polarized targets are indicative of thea1 ex-
change mechanism most definitely in the case of ther0(770) pro-
duction@24–26#. However, in thepp invariant mass region aroun
1 GeV, rather large experimental uncertainties in the available d
present considerable problems for certain conclusions. Never
less, in a new analysis of thep2p↑→p1p2n data at 17.2 GeV
@6,25#, which has been performed very recently in Ref.@27#, one
emphasizes that thea1 exchange amplitude cannot be neglect
especially around 1 and 1.5 GeV.
© 1998 The American Physical Society11-1
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FIG. 1. TheS-wavep0p0 mass spectra in the reactionp2p→p0p0n for six t intervals indicated in the figure. The data were obtain
by the GAMS Collaboration@1#. The curves correspond to the fits using thep anda1 exchange model which is described in detail in the te
The solid curves correspond to variant 1, the dotted curves to variant 2, and the dashed ones to variant 3.
io

on

GAMS data on the reactionp2p→(p0p0)Sn @1# and the
CERN-Munich data on theS-wave pp scattering in an in-
variant mass region around 1 GeV@5#. We consider three
simple parametrizations of theS-wave pp→pp reaction
amplitude. As to the corresponding amplitude of the react
05401
n

p* p→pp ~wherep* denotes a Reggeized pion!, it is con-
structed by using thet dependence factorization assumpti
which was extensively applied previously to obtain thepp
scattering data~see, for example, Refs.@5,7,8,27–29#!. In
parametrizing thep2p→(p0p0)Sn reaction amplitude due
1-2
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to the a1 exchange, we use the above qualitative rea
based on the observations of thef 0(980) resonance in the
reactions not involvingp exchange. All considered param
etrizations of thep2p→(p0p0)Sn reaction amplitudes give
similar results and, on the whole, quite reasonable fits to
GAMS data. In Sec. III, we compare our explanation of t
GAMS data with that reported previously in Ref.@30# and
point out two direct ways to test these explanations. T
explanation of Ref.@30# differs crucially from ours in that it
is based entirely on one-pion exchange or exchanges
these quantum numbers. Such a restriction, as we sh
leads, in particular, to rather exotic predictions for thet dis-
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tributions of thep2p→(p0p0)Sn events. Our conclusions
are briefly summarized in Sec. IV.

II. ALTERATION OF THE „p0p0
…S MASS SPECTRUM

IN THE f 0„980… REGION IN THE REACTION
p2p˜„p0p0

…Sn

We shall consider the reactionp2p→(p0p0)Sn within
the framework of the simplest Regge pole model and w
the unpolarized differential distribution of thep2p

→(p0p0)Sn events at fixedPlab
p2

in the following form:
d2N

dmdt
5UAp

A2t

t2mp
2

eb̃p~ t2mp
2

!/2e2 ipap~ t !/2Am/rppTp* p→pp~m,t !U2

1uAa1
~11tC!eb̃a1

t/2ie2 ipaa1
~ t !/2AmRa1p→pp~m,t !u2. ~1!
us

-
nce,

ree-
la-
-

-

li-
the

n be

u-
-

the

this
Here the first and second terms correspond to thep anda1
Regge pole contributions, respectively~the p and a1 ex-
changes do not interfere because, at high energies, they
tribute to different helicity amplitudes!, ap(t)5ap8 (t2mp

2 )
andaa1

(t)5aa1
(0)1aa1

8 t are the trajectories of these pole

m is the invariant mass of the finalpp system,Ap andAa1

are the normalization constants,Tp* p→pp(m,t) and
Ra1p→pp(m,t) are theS-wave amplitudes for the subpro

cessesp* 1p2→p0p0 and a1
1p2→p0p0, respectively,

rpp5(124mp
2 /m2)1/2, the slopeb̃p52ap8 ln(Plab

p2
/1 GeV)

1bpNN , i.e., it incorporates the slope of the Reggeized p
propagator and the slope of thep* NN residue taken in the
exponential form, and the slopeb̃a1

has a similar structure
According to the physical reasons which were discusse
the literature, thea1 Regge pole amplitude has to have t
so-called sense-nonsense wrong signature zero ataa1

(t

5t0)50, and hence, to be proportional toaa1
(t) ~see, for

example, Refs.@31–33#!. Thus, the factor (11tC) in the
second term of Eq.~1! can be understood as the rat
aa1

(t)/aa1
(0)511taa1

8 /aa1
(0). However, the value of

aa1
8 /aa1

(0) is in fact unknown@32,33#, and therefore, we

considerC a free parameter. According to isotopic symm
try,

Tp* p→pp~m,t !5T0
0~m,t !2T0

2~m,t !,

Ra1p→pp~m,t !5R0
0~m,t !2R0

2~m,t !, ~2!

whereTL
I (m,t) and RL

I (m,t) are the amplitudes withL50
and isospinI 50,2 for the subprocessesp* p→pp and
a1p→pp, respectively; the amplitudeR0

2(m,t) is assumed
negligible. Now we suppose that thet dependences of th
on-

n

in

-

amplitudesTL
I (m,t) for the reactionp* p→pp can be ex-

tracted in the form of overall exponential form factors. Th
we put

T0
0~m,t !5eb0

0
~ t2mp

2
!/2T0

0~m!,

T0
2~m,t !5eb0

2
~ t2mp

2
!/2T0

2~m!, ~3!

where the amplitudesT0
0(m) and T0

2(m) depend only onm
and are determined by the on-mass-shell dynamics of thepp
scattering. This assumption about thet dependence factoriza
tion, together with the concrete shape of this depende
was widely used as a simple working tool to obtain thepp
scattering data and gave results which were in close ag
ment with those of the more general Chew-Low extrapo
tion method @3–13,27–29#.3 Usually, the factorization as
sumption is applied to thepN→ppN one-pion exchange
amplitudes in the region 0,2t,(0.1520.2) GeV2

3For the pronounced solitaryr~770! and f 2(1270) resonances pro
duced in the reactionspN→ppN in the low-t region via the one-
pion exchange, the factorization of thet andm dependences for the
p*p→r~770!→pp andp* p→ f 2(1270)→pp amplitudes is quite
natural. However, in theS-wave case, the situation is more comp
cated. There are at least two strongly interfering contributions in
L5I50 p*p→pp channel atm'1 GeV, namely, the narrow
f 0(980) resonance and the smooth large background which ca
parametrized, for example, in terms of a broad elasticpp resonance
@34,35#. Even though thet dependence factorizes for each contrib
tion, the wholeL5I50 p*p→pp amplitude may possess this prop
erty only if the various contributions have rather closet depen-
dence. In connection with the GAMS results, we discuss
L5I50 p*p→pp amplitude in the region of thef 0(980) resonance
beyond thet dependence factorization assumption at the end of
section and also in Sec. III.
1-3
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@5,7,8,27,29#. We shall use Eq.~3! as ‘‘a zeroth approxima-
tion’’ ~in the sense of a number of addition assumptions
new fitted parameters! for all 2t of interest from 0 to 1
GeV2. Also we adopt a similar representation fort,0 for
the amplitudeR0

0(m,t) of the subprocessa1p→pp,

R0
0~m,t !5ec0

0t/2R0
0~m!. ~4!

Note that some smoothm dependence of the slopesb0
0, b0

2,
andc0

0 is not excluded. However, in the considered relativ
narrow m range near thef 0(980) resonance, 0.8,m,1.1
GeV, we assume for simplicity thatb0

0, b0
2, andc0

0 are con-
stant. From the fit to the data@1#, the values of the overal
slopes of the corresponding amplitudes, namely,bp

0 5b̃p

1b0
0 , bp

2 5b̃p1b0
2, and ba1

0 5b̃a1
1c0

0 will be determined

@see Eqs.~1!–~4!#.
Let us now turn to the description of the model for t

amplitudesT0
0(m), T0

2(m), and R0
0(m). On the mass shel

of the reactionpp→pp,

T0
0~m!5~h0

0e2id0
0
21!/2i , T0

2~m!5~h0
2e2id0

2
21!/2i ,

~5!

wheredL
I andhL

I are the phase shifts and elasticities whi
are functions ofm. The data on theL50, I 52 pp channel
in the region 2mp,m,1.2 GeV are described very well b
h0

251 andd0
2520.87qp /(110.16qp

2 ), whered0
2 is in radi-

ans if qp5mrpp/2 is taken in units of GeV~see, for ex-
ample, Ref.@36#!. At m'1 GeV, d0

2'223°. In theL5I
50 pp channel, a very sharp rise of the phased0

0 near the

KK̄ threshold@see Figs. 2~a! and 3~a!#, together with a sharp
drop of the elasticityh0

0 just above theKK̄ threshold@see
Figs. 2~b! and 3~b!#, is usually interpreted in term of th
f 0(980) resonance coupled to thepp andKK̄ channels@2–
15,37#. However, in theL5I 50 pp→pp cross section
this puzzling state shows itself not as a peak, but as a
which occurs just below theKK̄ threshold, and in fact, the
cross section vanishes at a minimum point. Formally, thi
because the phased0

0 goes through 180°, but not though 90
in the resonance region andh0

051 with a good accuracy fo
m,2mK . Note that theI 52 wave admixture shifts a mini
mum in theL50 p1p2→p0p0 reaction cross section ap
proximately by 10 MeV to a lower mass region.4 Let us write
the amplitudesT0

0(m) andR0
0(m) as

4As seen from Fig. 1~a!, the observedp2p→(p0p0)Sn cross
section does not vanish at a minimum but accounts for about 1/
the cross section at the side maxima. This is mainly because
finite experimentalp0p0 mass resolution which for the GAMS
2000 spectrometer has been characterized by a Gaussian dis
tion with the dispersionsm'20 MeV atm'1 GeV@1#. In the fit to
the GAMS data, we certainly take into account this Gauss
smearing.
05401
d

ip

is

T0
0~m!5

e2idB21

2i
1e2idBTpp→pp

res ~m!,

R0
0~m!5eidBRa1p→pp

res ~m!, ~6!

wheredB is the phase shift due to the smooth elastic ba
ground in the pp channel, whereasTpp→pp

res (m) and
Ra1p→pp

res (m) are the amplitudes due to the contributions

the mixed inelastic resonances. If we putTpp→pp
res (m)

5(h rese
2idres21)/2i , we find from Eqs.~5! and ~6! that d0

0

5dB1d res andh0
05h res. To parametrize the resonance co

tributions we use the so-called propagator method@14,38,39#

of
f a

bu-

n

FIG. 2. The phase shiftd0
0 ~a! and the elasticityh0

0 ~b! pertain-
ing to the L5I 50 pp→pp reaction amplitudeT0

0(m) in the
f 0(980) region. The data are taken from Ref.@5#. The solid curves
correspond to the fit for variant 1 and the dashed curves to tha
variant 3.
1-4
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and write the amplitudeT̃ab→cd
res (m) for the processab

→cd in the following form~which satisfies the unitarity con
dition!:

T̃ab→cd
res ~m!5(

r ,r 8
grabGrr 8

21
~m!gr 8cd , ~7!

where the sum is evaluated over the resonancesr ,r 8 @r (r 8)
5r 1 ,r 2 , . . . #, Grr 8(m) is the inverse propagator matrix fo
a resonance complex,

Grr 8~m!5S Dr 1
~m! 2P r 1r 2

~m! . . .

2P r 1r 2
~m! Dr 2

~m! . . .

. . . . . . . . .
D , ~8!

FIG. 3. The phase shiftd0
0 ~a! and the elasticityh0

0 ~b! pertain-
ing to the L5I 50 pp→pp reaction amplitude. The data ar
taken from Ref.@5#. The curves correspond to the fit for variant
05401
Dr~m!5mr
22m21Re P r~mr !2P r~m!, ~9!

mr and grab , gr 8cd are, respectively, the masses and t
coupling constants of the unmixed resonances. Since we
interested in a mass region around 1 GeV, we can res
ourselves to the simplest case of resonances coupled on
the pp and KK̄ decay channels. We also imply that th
resonance production occurs inpp and a1p collisions ~re-
call that thea1 means here not a particle but a Reggeo!.
Then we can take, in Eq.~9!,

P r~m!5 (
cd5pp,KK̄

grcd
2 rcdS i 1

1

p
ln

12rcd

11rcd
D ~10!

and write the off-diagonal elements of the matrixGrr 8(m)
@see Eq.~8!#, responsible for the resonance mixing, as

P rr 8~m!5Crr 81 (
cd5pp,KK̄

grcdgr 8cdrcdS i 1
1

p
ln

12rcd

11rcd
D ,

~11!

where Crr 8 are the mixing parameters,rKK̄5(1
24mK /m2)1/2 for m.2mK, andrKK̄→ i urKK̄u in the region
0,m,2mK . Here we neglect theK1K2 and K0K̄0 mass
difference and putmK5(mK11mK0)/2. Above the corre-
sponding threshold, the partial decay width of the resona
r is G rcd(m)5grcd

2 rcd /m. Using Eqs.~6! and ~7! with due
regard for the normalizations as defined in Eqs.~1!–~5!, we
finally obtain

Tpp→pp
res ~m!5rppT̃pp→pp

res ~m!,

Ra1p→pp
res ~m!5ArppT̃a1p→pp

res ~m!/gr 1a1p , ~12!

where the second relation implies, in particular, that the c
pling constantgr 1a1p is taken up by the normalization con

stantAa1
in Eq. ~1!.

Within the framework of the above model, we present t
three simplest variants of the fit to the data@5# on d0

0 andh0
0

in the f 0(980) mass region. In variant 1, we assume that
amplitudeT0

0(m) @see Eq.~6!# is dominated by a single reso
nance and a background, in variant 2 by two mixed re
nances and a background, and in variant 3 by two mix
resonances.

Variant 1 yields the most economical and transparent
rametrization. Using Eqs.~6!–~10! and~12!, we find, in this
case,

T0
0~m!5

e2idB21

2i
1e2idB

mG f 0pp~m!

D f 0
~m!

,

R0
0~m!5eidB

AmG f 0pp~m!

D f 0
~m!

, ~13!

where f 0 is taken as a suitable notation for a singler 1 reso-
nance and the background phasedB5a1mb. The param-
etrization ofT0

0(m) as given by Eq.~13! permits us to obtain
1-5
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a good fit to the data ond0
0 and h0

0 in the region 0.8,m
,1.2 GeV @see the solid curves in Figs. 2~a!, 2~b!#. The
corresponding parameters of the background and reson
are dB535.5°147°(m/GeV!, mf 0

5979 MeV, gf 0pp
2

50.075 GeV2, andgf 0KK̄
2

50.36 GeV2. Note that the above

simple representation forT0
0(m) was also used for a simila

purpose in a set of earlier analyses~see, for example, Refs
@3,9,35,40,41#!. It is obvious that in this case a dip in theL
pa

t

t
lts

s.

th
n

a

e

05401
ce

5I50 pp→pp reaction cross section in thef 0(980) reso-
nance region is due to the destructive interference betw
the resonance and the background whose contributions
near theS-wave unitarity limit.

Variant 2 allows a good fit to the data ond0
0 to be attained

in the widerm interval from 0.6 to 1.7 GeV~see also Ref.
@39#! and also turns out to be more flexible for the constru
tion of the p2p→(p0p0)Sn reaction amplitude due to th
a1 exchange. In this case, using Eqs.~6!–~12!, we have
T0
0~m!5

e2idB21

2i
1e2idBrpp

gr 1pp@Dr 2
~m!gr 1pp1P r 1r 2

~m!gr 2pp#1gr 2pp@Dr 1
~m!gr 2pp1P r 1r 2

~m!gr 1pp#

Dr 1
~m!Dr 2

~m!2P r 1r 2

2 ~m!
, ~14!

R0
0~m!5eidBArpp

@Dr 2
~m!gr 1pp1P r 1r 2

~m!gr 2pp#1~gr 2a1p /gr 1a1p!@Dr 1
~m!gr 2pp1P r 1r 2

~m!gr 1pp#

Dr 1
~m!Dr 2

~m!2P r 1r 2

2 ~m!
, ~15!
he
s

s

he

e

1

.
-

wheredB5rpp(a1mb). In the following, while referring to
this variant, the lighter resonancer 1 will be denoted byf 0,
and r 2 by s. The curves shown in Figs. 3~a!, 3~b! are the
result of the fit to the data ond0

0 and h0
0 using Eq.~14!.

These curves correspond to the following values of the
rameters: mf 0

50.966 GeV, gf 0pp
2 50.09 GeV2, gf 0KK̄

2

50.36, GeV2, ms51.58 GeV, gspp
2 50.73 GeV2, gsKK̄

2

50.002 GeV2, Cf 0s560.37 GeV2, and dB5rpp@3°

150°(m/GeV!#. Note thatCf 0s is defined up to a sign, bu

in so doing Cf 0sgf 0ppgspp.0 and gf 0ppgsppgf 0KK̄gsKK̄

,0.
In variant 3, the amplitudesT0

0(m) andR0
0(m) are defined

by Eqs.~14! and ~15! with dB50. We consider this varian
mainly to ease the following discussion of the resu
presented in Ref.@30# ~see Sec. III!. The fit to the data ond0

0

andh0
0 in the region 0.8,m,1.2 GeV with variant 3 gives

mr 1
50.88 GeV, gr 1pp

2 50.45 GeV2, gr 1KK̄
2

50.57

GeV2, mr 2
51.23 GeV, gr 2pp

2 50.74 GeV2, gr 2KK̄
2

50.09

GeV2, Cr 1r 2
560.67 GeV2, Cr 1r 2

gr 1ppgr 2pp.0, and

gr 1ppgr 2ppgr 1KK̄gr 2KK̄,0 @see the dashed curves in Fig

2~a!, 2~b!#.
Now we use the obtained parameters to describe

GAMS data on the (p0p0)S mass spectra in the reactio
p2p→(p0p0)Sn which are shown in Figs. 1~a!–1~f!. For
each of the above variants we perform the fit to these d
using Eq.~1! folded with a Gaussian mass distribution~see
footnote 4! and integrated overt in six intervals indicated in
Figs. 1~a!–1~f!. For variant 1 we use Eqs.~2!–~4! and ~13!,
and for variants 2 and 3 Eqs.~2!–~4!, ~14!, and ~15!. As is
seen from Figs. 1~a!–1~f!, the observed alteration of th
(p0p0)S mass spectrum in thef 0(980) region with increas-
-

e

ta

ing 2t is satisfactorily reproduced in the three variants of t
proposedp anda1 exchange model. In variant 1, this take
place with Ap

2 53403102 ~number of events/GeV2), Aa1

2

578.2 ~number of events/GeV2), C5213.5 GeV22, and
the slopes bp

0 59.4 GeV22, bp
2 55.3 GeV22, and ba1

0

55.4 GeV22 which are rather typical for similar reaction
@see the solid curves in Figs. 1~a!–1~f!#. Note that the slope
bp

2 '5 GeV22 had been observed in the reactionp1p

→p1p1n at Plab
p2

512.5 GeV for thep1p1 production in
the invariant mass region from 0.75 to 1.25 GeV@29#. In
variant 2, the fit to the GAMS data is characterized by t
following values of the fitted parameters:Ap

2 54263102

~number of events/GeV2), Aa1

2 5639 ~number of events/

GeV2), C524.4 GeV22, bp
0 512.4 GeV22, bp

2 55.4
GeV22, ba1

0 55.8 GeV22, and (gsa1pgspp)/(gf 0a1pgf 0pp)

50.16 @see the dotted curves in Figs. 1~a!–1~f!#. In variant
3, the fit givesAp

2 53553102 ~number of events/GeV2),
Aa1

2 591.8 ~number of events/GeV2), C5213 GeV22, bp
0

510.1 GeV22, bp
2 55.2 GeV22, ba1

0 55.6 GeV22, and

(gr 2a1pgr 2pp)/(gr 1a1pgr 1pp) 520.863 @see the dashed

curves in Figs. 1~a!–1~f!#. Note that in this case ther 1 andr 2
resonances interfere destructively in the rangemr 1

,m

,mr 2
in the p* p→pp channel and constructively in th

a1p→pp channel.
Figure 4 shows the t distributions of the p2p

→(p0p0)Sn events for threem regions 0.820.9 GeV, 0.9
21 GeV, and 121.1 GeV which we obtained for variant
using Eqs.~1!–~4! and ~13!. The figure illustrates how the
one-pion exchange contribution falls and thea1 exchange
becomes dominant in thef 0(980) region as2t increases.
Similar t distributions also take place for variants 2 and 3

Up to now we have adhered to thet dependence factor
1-6
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ization assumption. However, it is easy to construct para
etrizations which would permit one to move beyond t
scope of this assumption. A simplest example is provided
variant 3 in which the amplitudesT0

0(m) and R0
0(m) are
e
ex
a

-
ac

on
e

05401
-

y

defined by Eqs.~14! and ~15! with dB50. For example, for
the p* p→pp reaction amplitudeT0

0(m,t), instead of Eq.
~3! and Eq.~14! with dB50, one can write the more gener
expression
T0
0~m,t !5rpp

gr 1p* p~ t !@Dr 2
~m!gr 1pp1P r 1r 2

~m!gr 2pp#1gr 2p* p~ t !@Dr 1
~m!gr 2pp1P r 1r 2

~m!gr 1pp#

Dr 1
~m!Dr 2

~m!2P r 1r 2

2 ~m!
, ~16!
re

ion

x-

ads
-
in

in

ac-

n
del

x-

pled

fer-

ith
f
to

of

ross
ized
ef.
where the residuesgr 1p* p(t) andgr 2p* p(t) characterizingr 1

and r 2 resonance production inp* p collisions, generally
speaking, may be different functions oft @at t5mp

2 ,
gr 1,2p* p(mp

2 )5gr 1,2pp]. Thus, if the t behaviors of these

functions are appreciably different in a certaint region, then
it is natural that thet dependence of the whole amplitud
does not factorize in this region. However, we shall not
ploit such a possibility, first, because it requires incorpor
ing at least two additional fitted parameters~by one for every
mechanism of the considered reaction!, and secondly, be
cause a certain version of the extremal violation of the f
torization assumption has already been applied in Ref.@30#

FIG. 4. Thet distributions of thep2p→(p0p0)Sn events for
three m intervals ~a! 0.820.9 GeV, ~b! 0.921 GeV, and~c! 1
21.1 GeV corresponding to variant 1. The solid curves corresp
to the sum of thep anda1 exchange mechanisms and the dash
curves to thea1 exchange contribution.
-
t-

-

to explain the GAMS data within the framework of the pu
one-pion exchange model. The results obtained in Ref.@30#
are briefly discussed below.

III. COMPARISON WITH THE PREVIOUS EXPLANATION

As already mentioned in the Introduction, the explanat
of the GAMS data on the reactionp2p→p0p0n @1# pre-
sented in Ref.@30# is based exclusively on the one-pion e
change model„this immediately follows from Eqs.~2!, ~5!,
~6!, Fig. 3~a!, and accompanying comments in Ref.@30#5

….
As a consequence of such a restriction, this explanation le
to a strong violation of thet dependence factorization as
sumption. We can conveniently elucidate this assertion
terms of Eq.~16!. Let us recall that the authors of Ref.@30#
used theK matrix method to construct theL5I 50 p* p
→pp reaction amplitude, and that, in the 1 GeV region
the K matrix, two resonances coupled to thepp and KK̄
channels and some background terms were taken into
count. However, the difference between theK matrix repre-
sentation for the amplitudeT0

0(m,t) obtained in Ref.@30#
and Eq. ~16! is unimportant for clearing up the questio
about the applicability of the pure one-pion exchange mo
for the description of the GAMS data.

Thus, if one takes into account only the one-pion e
change mechanism for the reactionp2p→(p0p0)Sn and
uses the parametrization with two mixed resonances cou
to the pp and KK̄ channels for theL5I 50 p* p→pp
amplitude, then the observed alteration of the (p0p0)S mass
spectrum can be understood only if the destructive inter
ence between two resonances atm'1 GeV, which occurs in
the low 2t region, is replaced by the constructive one w
increasing2t. According to Eq.~16!, this means a change o
the interference type between the terms proportional
gr 1p* p(t) andgr 2p* p(t), which, in turn, is possible only if,

5It is worth noting that the comment after Eq.~8! in Ref. @30#
about a flat term which can effectively describe the contribution
thea1 exchange to thepN→(pp)SN amplitude with the one-pion
exchange quantum numbers from Eq.~5! or ~6! in Ref. @30# is
misleading. In fact, at high energies, thep and a1 Regge ampli-
tudes have different spin structures and in the unpolarized c
section their contributions are noncoherent as already emphas
above. So, thea1 exchange has not been taken into account in R
@30# effectively.

d
d
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as2t increases, one of the residues, for example,gr 1p* p(t),

decreases in absolute value, vanishes at a certain vat
5t0, and then changes its sign. Also, this has to occu
least for 2t,0.3 GeV2. Hence, according to such an a
proach, thet dependence of the amplitudeT0

0(m,t) must not
factorize atm'1 GeV even in the low2t region. In Ref.
@30#, the following parametrization for the residue
gr 1p* p(t) andgr 2p* p(t) was postulated:

gr ip* p~ t !5gr ipp@11j i~12t/mp
2 !t/mp

2 #, i 51,2.
~17!

For the best fit gr 1pp50.848 GeV, j150.0565, gr 2pp

50.884 GeV, andj2520.0293@30#. As is seen, the residu
gr 1p* p(t) vanishes att'20.0728 GeV2, and as2t varies

from 0 to 1 GeV2, the functionsgr 1p* p
2 (t) and gr 2p* p

2 (t)

increase, respectively, by approximately factors of 22 0
and 6000. In order to compensate this enormous rise,
authors of Ref.@30# multiplied the p2p→(p0p0)Sn one-
pion exchange amplitude by the overall form factorF(t)
5@(L2mp

2 )/(L2t)#4 with L50.1607 GeV2 which, how-
ever, they ascribed, for unknown reasons, to the nucl
vertex.6 As a result, they obtained formally a very good d
scription of the GAMS data on the (p0p0)S mass spectra
Recall that these spectra (dN/dm) correspond to the distri
butiond2N/dmdt integrated overt in the intervals indicated
in Figs. 1~a!–1~f!. Nevertheless, a detailed analysis sho
that the model of Ref.@30# predicts rather exotict distribu-
tions of the p2p→(p0p0)Sn events for2t,0.2 GeV2.
Figure 5 shows the unnormalizedt distributions (dN/dt) for
three m intervals 0.8,m,0.9 GeV, 0.9,m,1 GeV, and
1,m,1.1 GeV which we obtained using the formulas fro
Ref. @30#. The most discouraging feature of the presen
picture is a dip indN/dt whose location depends onm. In
fact, this is a straightforward consequence of a failure of
factorization for the amplitudeT0

0(m,t). The t distribution
for 0.8,m,0.9 has a dip at2t'0.1 GeV2 and, as is seen
from Fig. 5, changes very rapidly in the region2t
,0.2 GeV2. With increasingm, a dip in dN/dt moves to
t50. So, thet distribution for 0.9,m,1 GeV has a dip at
2t'0.072 GeV2. For the mass interval 1,m,1.1 GeV
which already belongs to the inelastic region of the react
p* p→pp, a dip indN/dt disappears. A comparison of th
predictions fordN/dt shown in Figs. 4 and 5 shows that th

6Note that this leads to unsolvable difficulties. For example, if o
describes the well-studied reactionp2p→r0n @6,42# using such a
form factor in thep* NN vertex it would be necessary to introduc
a p* pr residue which increases with2t. In turn, this would lead
to a rise ofds/dt for the processpp→r0r0. It is evident that such
a picture is incompatible with conventional ideas. Also, accord
to Eq. ~17!, we face a similar problem for the reactionpp
→(pp)S(pp)S . Furthermore, the above form factor would yie
an abnormally sharp drop of the one-pion exchange contributio
the differential cross section of the charge exchange reactionpn
→np.
05401
e
at

0
he

n
-

s

d

e

n

choice between our explanation of the GAMS data and
explanation given by the authors of Ref.@30# can be easily
realized experimentally. To do this, it is sufficient to ha
data ondN/dt in the region2t,0.2 GeV2 for the m inter-
vals 0.8,m,0.9 GeV and 0.9,m,1 GeV. So far, how-
ever, neither the GAMS Collaboration@1# nor the E852 Col-
laboration@16# have published data on thet distributions.

Finally, let us emphasize that the best experimental
that we know of for thep2p→(pp)Sn reaction mecha-
nisms are measurements on polarized targets, because
will permit the interference to be directly observed betwe
the p anda1 exchange amplitudes. As is known@24,25#, in
such experiments one can measure the triple distribution~in

m, t, andc) which at fixedPlab
p2

has the form

d3N@p2p↑→~pp!Sn#

dmdtdc
5

1

2p

d2N

dmdt
12P coscI ~m,t !,

~18!

where c is the angle between the normal to the react
plane and the~transverse! proton polarizationP. The first
term in Eq.~18! corresponds to the distribution of events o
an unpolarized target. It can be presented
(d2N/dmdt)/2p5uM 12

p (m,t)u21uM
11

a1 (m,t)u2, where

M 12
p (m,t) andM

11

a1 (m,t) are thes-channel helicity ampli-

e

g

to

FIG. 5. The unnormalizedt distributions for the reactionp2p
→(p0p0)Sn for three m intervals ~a! 0.820.9 GeV, ~b! 0.921
GeV, and~c! 121.1 GeV corresponding to the pure one-pion e
change model used in Ref.@30# ~see text!.
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tudes with and without nucleon helicity flip, due to thep and
a1 exchange mechanisms, respectively. The second ter
Eq. ~18! describes the nucleon polarization effects. The fu
tion I (m,t) in this term is stipulated by the interference b
tween thep and a1 exchange amplitudes and has the fo
I (m,t)5Im$M 12

p (m,t)@M
11

a1 (m,t)#* %. In our model for
the reaction p2p→(p0p0)Sn the amplitude
A2pM 12

p (m,t) @and, respectively,A2pM
11

a1 (m,t)] is
given by the expression under the sign of modulus squar
the first ~second! term of Eq. ~1!. If one neglects theI
52 pp S-wave contribution, then the phase of the produ
M 12

p (m,t)@M
11

a1 (m,t)#* in the elastic region~i.e., for m
,2mK) would be completely defined by the Regge signat
factors of theM 12

p (m,t) and M
11

a1 (m,t) amplitudes. With
these provisos in mind, one can easily write the funct
I (m,t) in an explicit form for the three considered varian
For example, for the most simple variant 1, up to the sig

I ~m,t !5cos$p@ap~ t !2aa1
~ t !#/2%

3
1

2pFAp

A2t

t2mp
2

ebp
0

~ t2mp
2

!Aa1
~11tC!eba1

0 tG
3H sin~d0

0!
AmG f 0pp~m!

uD f 0
~m!u J , ~19!

where, as seen, thet andm dependences factorize. It is nat
ral that the pure one-pion exchange model@30# predicts
I (m,t)50.
l

EK
in

4,

sp
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IV. CONCLUSION

We have suggested a new explanation of the GAMS
sults on the f 0(980) production in the reactionp2p
→p0p0n. A crucial role in our explanation is assigned
the amplitude with quantum numbers of thea1 Regge pole in
the t channel which is as of yet poorly studied. Moreover, w
consistently used the standard assumption of thet depen-
dence factorization. On the other hand, if one attempts
explain the GAMS data in the framework of the pure on
pion exchange model, as is done, for example, in Ref.@30#,
then this assumption must be rejected from the outset. To
the correctness of our explanation, the data on thet distribu-
tions of the p2p→(p0p0)Sn events in the intervals 0.8
,m,0.9 GeV and 0.9,m,1 GeV, and the measuremen
of the reactionp2p→(p0p0)Sn on polarized targets, which
can clearly demonstrate the presence of thea1 exchange
mechanism, are needed.

Recently we have shown@43# that new data onds@p2p
→a0

0(980)n#/dt can be explained within the framework o
the Regge pole model only if the reactionp2p→a0

0(980)n
is dominated by ther2 Regge pole whose partner by e
change degeneracy is thea1 Regge pole. To all appearance
the time is right to study the pseudovector and pseudote
Regge exchanges.
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