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Role of tensor meson pole andD exchange diagrams inpp̄˜p1p2
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The N̄N→pp annihilation reaction is investigated in a model with both baryon-exchange diagrams a
meson-pole diagrams. The main features of the observed differential cross sections forp̄p→p1p2 from 360
to 1190 MeV/c are well understood in this model. The backward enhancement of the differential cross sect
is mainly due to theNDp tensor coupling while the processp̄p→ f 2→p1p2 contributes to the bump
structure around 100° developing forPlab.680 MeV/c. This hints at nontrivial quark spin contributions
beyond the3P0 model~which favoredSandP waves! and hints at a large gluonic component in tensor mesons
with masses between 1.27 and 2.2 GeV.@S0556-2813~96!04109-X#

PACS number~s!: 13.75.Cs, 14.20.Dh, 21.30.Cb, 24.85.1p
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I. INTRODUCTION

The recent production of a handful of antihydrogen ato
at LEAR @1# has refocused theoretical interest on the und
standing of the interaction between matter and antima
within quantum chromodynamics~QCD!. Most data on
matter-antimatter interactions have been collected for
low-energypp̄ system@2# with some early data from CERN
at higher energies~momenta in the range from 0.9 to 2.
GeV/c @3#!. The existence of antimatter is a natural cons
quence of the Dirac equation describing the fermionic co
stituents of all hadrons, the quarks and antiquarks, and t
interactions with the gluons. One would like to explain t
pp̄ interaction, as one example, in terms of the underly
quark-gluon dynamics of QCD. The complexity of relativi
tic quark-gluon dynamics necessitates more detailed exp
mental information than branching ratios for the differe
annihilation channels. Differential cross sections for vario
energies have so far been measured only for the two-b
channelspp̄→pp̄ ~elastic, EL!, nn̄ ~charge-exchange, CEX!,
p1p2, andK1K2. Having experimental information on th
angular and energy dependence of the reactionpp̄→p1p2

has turned out to be crucial for the unraveling of the tw
dominant features of this reaction; see below. Unlike
NN interaction, which is the main ingredient of any micro
scopic description of nuclear physics, the~EL! and ~CEX!
reactions in theNN̄ regime have an imaginary compone
due to the annihilation. The real component can be rela
via a G-parity transformation@4,5# to the NN interaction.
The meson-exchange part~OBEP! of theNN andNN̄ inter-
actions is the same forG-even meson exchanges~for ex-
ample,r ands) and opposite in sign forG-odd meson ex-
changes~for example,v), so that in particular the short
rangedv exchange is repulsive inNN whereas it is strongly
attractive in theNN̄ system. In order to account for the non
observation of narrowNN̄ resonances~baryonium! a rela-
tively small annihilation strength~imaginary component of
theNN̄ interaction! is sufficient@6#. This imaginary compo-
nent of theNN̄ interaction can be built at the hadronic lev
from all annihilation channels @7#
NN̄→M1M2 ,M1M2M3 ,M1••• (Mi5 meson!. It is ob-
served that on the averagen5561 pions are produced@2,3#.
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Many channels can in fact be simulated by quasi-two-bo
reactions, for example,NN̄→rr with r→pp. It is, there-
fore, imperative to understand first the reactio
NN̄→M1M2 before one can try to ‘‘tackle’’ more comple
channels~i.e., more than two mesons in the final state!. The
understanding of theNN̄ annihilation at the quark-gluon
level is still in its infancies. In an optical potential approac
a quark-gluon annihilation potential forNN̄→NN̄ ~EL and
CEX! has been derived@8#. Its range isr dependent and
corresponds to a relativistic quark-antiquark overlap fo
relative distancer of the N and N̄ centers. This state- an
energy-independent annihilation potential describes data
between 390 MeV/c and 860 MeV/c @9,10#. The model,
however, fails to explain the annihilation strength due to
lack of reliable information on gluonium states. It has turn
out that experimental data on angular dependences of c
sections at various energies from close to thresho
Plab50 andEc.m.51876 MeV, toPlab around 1 GeV/c are
crucial for the understanding of the underlying QCD dyna
ics. This is the case for the reactionspp̄→M1M2 with
M1,25p6 andK6. Here we concentrate on the simplest r
actionpp̄→p1p2 for which very detailed data are availab
@3,11,12#. The real part of theT matrix for this reaction is
described by baryon exchange (N,D,N* ,D* ) with half off-
shell vertex functions and baryon propagators originating
the underlying QCD dynamics. Usually onlyN andD are
taken into account; for other nucleon resonances, ve
functions are less well known. The imaginary part of th
reaction probes the resonant content of theNN̄ andpp sys-
tems. TheC-, P-, andG-parity operations lead to selectio
rules

G~NN̄!5~21!L1S1I NN̄, ~1!

G~pp!5~21!L81Ipp511, ~2!

whereL (L8) refers to theNN̄ (pp) system andS is the
total spin of theNN̄ system. Parity conservation leads
L85L61 which allows only certain combination
of 2S11LJ for the NN̄ system, 3P0,2,

3F2,4,
3H4,6, . . .

for (P,C,I )5(1,1,0) and L85even, and
3S1,

3D1,3,
3G3,5, . . . for (P,C,I )5(2,2,1) and L85odd
1441 © 1996 The American Physical Society
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1442 54Y. YAN AND R. TEGEN
@4,5#. OnlyG-evenpp̄ states can be probed by investigatin
thepp final states. The inclusion ofpp̄→K1K2 would al-
low us to probe alsoG-odd pp̄ states. In this paper we con
centrate on thepp final state and leaveKK̄ and other two-
particle final states for another occasion.

We find that an important contribution topp̄→pp is the
G-even tensor mesonsf 2 in the range 127022150 MeV
@13#; their contribution is shown here to lead to the observ
bump structure around 100° developing for momenta 6
MeV/c and above~visible already in the old CERN data@3#
between 0.9 GeV/c and 1.23 GeV/c). The importance of
total angular momentaJ<3 has recently been pointed out b
Kloet and Myhrer @14#. They find from their amplitude
analysis of pp̄→p1p2 that very few partial waves are
needed~i.e., the interaction is much shorter ranged than t
OPEP-dominated EL reaction which requires many mo
partial waves!, with J52 contributions being important at
lower momenta whileJ53 contributions becoming impor-
tant beyond 500 MeV/c. This indicates to us that at highe
momenta the contributions of spin-3 mesons,r3(1690), and
spin-4 mesons,f 4(2050), might have to be included for a
more detailed fit of the data. It is interesting to note that t
final state interaction~FSI! via a rr intermediate state can
also produce a bump around 100°@15#. As a side remark we
mention that most of thef 2 resonances decay intopp and
KK̄. Although the branching ratio1 for thepp final state is
less than 1% this angular dependence~a dip-bump structure!
is also present in the elastic~EL! reactionpp̄→pp̄ in the
same momentum range@8–10#. The bump structure is also
observed inK1K2 and could have the same origin~the
flavor-blind gluonium states would, apart from phase spa
arguments, decay equally intopp andKK̄); however, the
G-odd ‘‘partners’’ of the f 2 meson, thea2(1320) and
p2(1670) @13#, could also contribute toKK̄, and indeed they
do @13#. This suggests that there must be a connection
tween thef 2 meson-pole diagram and the

pp̄→H GGG

GGqq̄

Gq2q̄ 2
J →H pp

KK̄
J ~3!

quark-gluon annihilation diagrams. This strong correlatio
~with the quantum numbers of thef 2) among theGGG,
GGqq̄, andGq2q̄2 intermediate states is presently missin
in any of the quark-gluon models. This ‘‘hint’’ from an
analysis of the hadronic diagrams could help to better mo
the propagation of the above-mentioned gluonic intermedi
states. Much work has already been done in this direct
@16#. Because of the complexity of nonperturbative QCD
this reaction (3q13q̄→2q12q̄), there is, however, room
for improvement. Hadronic models can help to identify th
problem areas at the quark-gluon level.

Apart from the bump structure around 100°, which is vi
ible in bothp1p2 andK1K2 beyond 680 MeV/c, there is

1For Plab5500 MeV/c experimental data yield the number
s tot'180 mb,sEL'60 mb,sCEX'14 mb so that the annihilation
cross section issann[s tot2sEL2sCEX'106 mb. On the other
hand, spp'0.4 mb and sKK̄'0.2 mb so that (spp1sKK̄)/
sann'0.6%.
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another striking feature of these reactions which curre
quark-gluon models of the annihilation have problems wit
The differential cross sections for bothp1p2 andK1K2

channels show a distinct rise towards backward angles.
our baryon-exchange plus meson resonance model of the
nihilation we show that this ‘‘backward rise’’ can be attrib
uted to the tensor strength of thepND vertex function. This
effect was first made visible in the work of Moussallam@17#,
who effectively used an extremely large tensor strength~via
a particular choice of parameter in theD propagator; see
below!, resulting in a very pronounced ‘‘backward rise.’’ A
large tensor strength, very similar in magnitude to our fitte
valueCt , has recently been found from a detailed analysis
the D resonance in the crossed reactionpN→pN @18,19#.
Present quark-gluon models of the annihilation do not i
clude sufficient correlations among the three quarks in t
exchange channel to simulate aD propagation with the de-
sired tensor strength. In our work we demonstrate that t
two distinctive features visible inpp̄→p1p2, namely, the
bump structure around 100° and the backward rise, can
fact be disentangled. The tensor mesonf 2 causing the bump
structure does not affect the backward angles; the ‘‘backwa
rise’’ is due to theD ’s tensor strength which, in turn, does
not affect the bump structure. It is, of course, imperative
explain these two distinctive features at the quark-gluo
~QCD! level. We will address this in a future communica
tion. In the next section we describe the model~baryon-
exchange plus meson pole diagrams! and derive the differ-
ential cross sections forpp̄→p1p2. The measured
analyzing powers in this momentum range turn out to b
dominated by the initial state interaction~ISI!. If one wants
to fine-tune the ISI, the comparison with the analyzing pow
will help to achieve this. In our analysis the ISI is importan
but not decisive for the understanding of the backward ri
and the developing of the bump structure. We have, the
fore, not attempted a comparison with the analyzing pow
It should be noted here that our aim isnota least-x2 fit to the
data but to point out the origin of the two main features o
this reaction. There is certainly room for future improveme
of the model. Section III contains our results and discuss
the initial and finial state interactions. A detailed compar
sion with available data from CERN, KEK, and LEAR fol-
lows and the section ends with our conclusions.

II. BARYON-EXCHANGE PLUS MESON POLE MODEL

We start with the invariant scattering amplitudeT for the
reactionN̄N→pp. TheT is related to the standardSmatrix
with

Sf i5d f i2
i

~2p!2
d~4!~Pf2Pi !S 1

2vk8

1

2vk

MN

Eq

MN

Eq8
D 1/2Tf i ,

~4!

whereq[uqu, k[uku, q8[uq8u, andk8[uk8u with ~see Fig.
1! q, q8, k, andk8 the momenta of the antiproton, proton
p2, andp1, respectively.Pf ( i ) is the outgoing~incoming!
total four-momentum,Eq5Aq21MN

2 , and vk5Ak21mp
2 ,

with MN (mp) the nucleon~pion! mass.
The differential cross section of the processN̄N→pp is

given in the center-of-mass system
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dsc.m.

dV
5

1

4~2p!2
MN

2

~2EN!2
k

q
uTu2. ~5!

In the uJ,l1l2& basis withJ the total angular momentum and
l1(2) the proton~antiproton! helicity, uTu2 is expressed as

uTu25
1

4(
l1l2

(
JJ8

2 J11

4p

2 J811

4p
~21!l^kuTJuql1l2&*

3^kuTJ8uql1l2&(
L

C~JJ8L,l2l,0!PL~cosu!, ~6!

wherel5l12l2 and^kuTJuq,l1l2& is the projection of the
T matrix of the reactionpp̄→p1p2 in the total angular
momentum helicity basis.u is the angle betweenk and q,
with choosingq along thez axis andk in the xz plane; see
Fig. 1.

With the initial state interactions, one can express theT
matrix of the reactionpp̄→p1p2 in the unitary form

^p1p2uTuNN̄&5^p1p2uWuNN̄&

1^p1p2uWua&G^auTNN̄uNN̄&, ~7!

where ua& can be any states allowed by conservation law
see the previous section. We consider, in the present wo
only NN̄ intermediate states, namely,ua&5uNN̄&. For a dis-
cussion of the relative importance of other~mesonic! matrix
elements see Ref.@17#. The first term in Eq.~7! corresponds
to the processes illustrated in Figs. 2~a! and 2~b!, and the
second term to the processes in Figs. 2~c! and 2~d!. The
propagatorG for the intermediateNN̄ pair is defined as in
the c.m. system,

G5
1

E22Ep
, ~8!

with Ep5Ap21MN
2 the energy of the intermediate nucleon

TheT matrix of the reactionpp̄→p1p2 takes the form, in
the angular momentum helicity state basis,

FIG. 1. Kinematics of the reactionpp̄→p1p2 in the c.m. sys-
tem.
s;
rk,

.

^kuTJuq,l1l2&5^kuWJuq,l1l2&1
1

~2p!3
E
0

`

p2dp
1

E22Ep

3 (
h1h2

^kuWJup,h1h2&

3^p,h1h2uTp p̄→NN̄

J uq,l1l2&, ~9!

with

Sp p̄→NN̄5d f i2
i

~2p!2
d~4!~Pf2Pi !

3SMN

Ep

MN

Ep8

MN

Eq

MN

Eq8
D 1/2Tp p̄→NN̄ , ~10!

where ^kuWJuq,l1l2& and ^p,h1h2uTJuq,l1l2& can be de-
rived from the corresponding expressions in the helicity
plane wave basis,

^p,h1h2uTJuq,l1l2&52pE
21

11

dudlh
J ~u!

3^p,h1h2uTuq,l1l2&, ~11!

^kuWJuq,11&5E
21

11

duPJ~u!^kuWuq,11&, ~12!

FIG. 2. Diagrams contributing to the reactionpp̄→p1p2. ~a!
and ~c! the baryon-exchange process withN andD included, and
~b! and~d! the process with mesons (s, r, and f 2) as the interme-
diate state. The momentum of the intermediateN (N̄) in ~c! and~d!
is p (2p); see text. The solid circles in~d! represent the quark
structure of these vertices; see text. TheTp p̄→NN̄ as defined in Eq.
~10! is denoted by the ellipses in~c! and ~d!.
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1444 54Y. YAN AND R. TEGEN
^kuWJuq,12&5E
21

11

du
@J~J11!#1/2

2 J11

PJ21~u!2PJ11~u!

sinu

3^kuWuq,12&, ~13!

^kuWJuq,11&5^kuWJuq,22&, ~14!

^kuWJuq,12&5^kuWJuq,21&, ~15!

whereu5cosu, l5l12l2, h5h12h2, andl i56 1
2 is de-

noted by6. dlh
J are the reduced rotation matrices,PL(u) the

Legendre polynomials.
Transforming the cross section in c.m. system to the la

ratory frame, we have

ds lab

dV
5t

dsc.m.

dV
, ~16!

with

t5
@~g1cosu!21~12b2!sin2u#3/2

~12b2!~11g cosu!
, ~17!

g5b
Ep

k
, ~18!

whereb is the ratio of c.m. velocity toc andu is the angle
between the incomingp̄ and outgoingp2 in the c.m. system;
see Fig. 1.

A. Baryon-exchange diagrams

We consider first the exchange of the nucleonN in Fig.
2~a!. The twoNNp vertex functions could be derived from
the pseudovector Lagrangian

LNNp5 f NNp /mp N̄g5gmtWN•]mpW ~19!

or from the pseudoscalar Lagrangian

LNNp5gNNp N̄g5tW•pW N. ~20!

However, our investigation shows that the coupling in E
~19! has a much better behavior than the one in Eq.~20! for
o-

q.

high-energyN̄N→pp processes if one has the half off-she
vertex functions@20#, derived in the chirally symmetric
quark model, to be used together with the above interactio
In the present work, we choose the interaction Lagrangian
Eq. ~19! for a NNp system, considering that the form is
supported by the chiral quark model and matches the ver
functions mentioned above.

If a D is exchanged in Fig. 2~a!, one will face a well-
known problem. The Lagrangian describing a Rarit
Schwinger field is not unique. The kinetic term is of th
general form@21#

L5caLabcb, ~21!

with

Lab52@~2 i ]mgm1M !gab2 iA~ga]b1gb]a!

2 iBgagm]mgb2CMgagb#, ~22!

where B and C are functions of the parameterA,
B5 1

2(3A
212A11) and C53A213A11. The spin-32

propagator is dependent onA @21#,

Gab~p!5
i

g•p2M Fgab2
1

3
gagb2

1

3M
~gapb2gbpa!

2
2

3M2 papbG2
1

3M2

A11

2A11 Fgapb

1
A

2A11
gbpa1S 12 A11

2A11
g•p

2
A

2A11
M DgagbG . ~23!

The physical properties of the free field are independent
the parameterA. In order that all physical observables in
volving an interactingNDp system be independent ofA, the
interaction Lagrangian must have the form

LNDp5
f NDp

mp
DnTunm~X!N]mpW 1H.c., ~24!

with
unm~X!5gnm1F12 ~114X!A1XGgngm , ~25!

T55 S 1 0

0
1

A3

2
1

A3
0

0 21

D , S 2 i 0

0 2
i

A3

2
i

A3
0

0 2 i

D , S 0 0

2

A3
0

0 2
2

A3
0 0

D 6 , ~26!
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where H.c. stands for Hermitian conjugate andT is the iso-
spin transition operator@22,23#. X is an arbitrary parameter
We chooseA521 to simplify the propagator and adjustX
to fit experimental data.

B. Meson-pole diagrams

Experiments have confirmed a number of mesons@13#,
which are strongly coupled to thep1p2 channel. Some of
those mesons have the quantum numbers which a pa
NN̄ could take, for instance,r(770), f 0(980), f 0(1300), and
f 2(1270). Mesons above theNN̄ threshold decaying into
NN̄ and p1p2 are, for example,f 2(2150) andr(2150).
Therefore, one must include the pole diagram, namely,
processpp̄→M ~meson!→p1p2 in the annihilation reac-
tion of pp̄→p1p2. The investigations of the reactio
pN→KS and KL both in the effective3P0 quark model
@24# and the resonance model@25# revealed that the two-ste
process is more important than the direct reaction.

The couplings of the scalar and vector mesons to
NN̄ andpp are widely studied. The interaction Lagrangian
for example, for theNNs, NNr, pps, andppr systems
are

LsNN5gsNNc̄NcNfs , ~27!

LrNN5grNNc̄NgmtW•fW r
mcN1

1

4MN
f rNNc̄Nsmn

3~]mfW r
n2]nfW r

m!•tWcN , ~28!

Lspp5
1

2Mp
gsppfs]mfW p•]

mfW p , ~29!

Lrpp5grpp~fW p3]mfW p!•fW r
m , ~30!

wheresmn5 1
2 @gm ,gn# andcN , fs , andfr represent the

nucleon,s, andr fields, respectively.
Unlike the scalar and vector mesons, higher-spin me

fields cannot be uniquely described in the Lagrange form
ism. And the evaluation of the pole diagram becomes m
and more difficult as the spin of the intermediate meson
creases. In addition to the scalar and vector mesons, we
clude here also the tensor meson, but not higher-spin s
in thepp̄→M→p1p2 process. There exits a free parame
in the Lagrangian describing a free tensor meson field, he
also in the propagator@26#. However, the physical propertie
of the field are independent of the free parameter appea
in the Lagrangian and propagator.

The couplings of thef 2 to the N̄N andpp systems are
described by the interaction Lagrangian@27#

LNNf25 i
1

2MN
gNNf2~ c̄Ngm]ncN2]nc̄NgmcN! f mn

1
1

2MN
2 f NN f2~ c̄N]m]ncN2]mc̄N]ncN2]nc̄N]mcN

1]m]nc̄NcN! f mn ~31!

and
of

he

he
,

on
al-
re
n-
in-
tes
r
ce

ing

Lpp f2
5

1

2Mp
gpp f~fW p]m]nfW p2]mfW p]nfW p! f mn . ~32!

In the nonrelativistic limit, the first term on the right-hand
side of Eq.~31! represents thef 2 coupling to the isoscalar
NN̄ state3P2 and the second to

3F2. For thepp f 2 interac-
tion, we include also the termpW ]m]npW f mn . The interaction
form in Eq. ~32! ensures that thef 2 field couples to only the
NN̄ J52 state. The second term in Eq.~32! represents the
f 2 meson coupling to both theNN̄ J50 andJ52 states.
The propagators for thes, r, and f 2 mesons are defined

as

D~p!5
i

p22Ms
2 , ~33!

Dmn~p!5
2 i

p22M r
2 ~gmn2pmpn /M r

2!, ~34!

Dmnrl~p!5
i

p22M f2
2 @gmrgnl1gmlgnr2 2

3 gmngrl

1~gmrpnpl1gmlpnpr1gnrpmpl1gnlpmpr

2 3
2 gmnprpl2 3

2 grlpmpn!/M f2
2

1 4
3 pmpnprpl /M f2

4 #, ~35!

where the f 2 propagator in Eq.~35! is the form with2

A521; see Ref.@26#.
Since the propagator for a spin-2 meson involves a fr

parameterA @26#, one will get contributions depending on it,
according to the coupling of Eqs.~31! and ~32!. The contri-
bution is off shell and only for theJ50 state. On the other

hand, a coupling such asc̄NgmncNf mn @not included in Eq.
~31!# does not have on-shell contributions since thefmn field
describing a spin-2 meson is traceless. However, such a te
does contribute when thef 2 is off shell. This contribution is
not toJ52, but toJ50 waves. TheseJ50 contributions are
unphysical since the total angular momentumJ ~here the
spin of intermediate mesons in the c.m. system! should be
conserved in the processpp̄→p1p2. We employ the inter-
action Lagrangian in Eq.~31! for theNNf2 coupling and let
the parameterA in the propagator be21 to avoid those
unphysical contributions.

The transition amplitudes are worked out for the meso
pole diagrams mediated, respectively, by the scalar, vect
and tensor mesons as follows:

Tp p̄→s→p1p2~l151,l251!5gs

q

MpMN

E21k2

4E22Mp
2 ,

~36!

Tp p̄→s→p1p2~l151,l2521!50, ~37!

2The parameterA appearing in the general form of thef 2 propa-
gator should not be confused with the parameterA appearing in
Eqs.~23! and ~25!.
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1446 54Y. YAN AND R. TEGEN
Tp p̄→r→p1p2~l151,l251!5gr

k

MNW

W22q2

4E22M r
2cosu

2 f r

kE

MN
2W

W21q2

4E22M r
2cosu,

~38!

Tp p̄→r→p1p2~l151,l2521!

5gr

k

MNW

W21q2

4E22M r
2sinu

2 f r

kE

MN
2W

W22q2

4E22M r
2sinu, ~39!

Tp p̄→ f2→p1p2~l151,l251!

5gf2
4qk2

3MpMN
2W

q22W2

4E22M f2
2 P2~cosu!

2 f f2
16q3k2

3MpMN
3

1

4E22M f2
2 P2~cosu!,

~40!

Tp p̄→ f2→p1p2~l151,l2521!

52gf2
qk2

MpMN
2W

W21q2

4E22M f2
2 sin~2u!,

~41!

with

gs5
gNNsgpps

4p
, ~42!

gr5
gNNrgppr

4p
, ~43!

f r5
f NNrgppr

4p
, ~44!

gf25
gNNf2gpp f2

4p
, ~45!

f f25
f NN f2gpp f2

4p
, ~46!

whereE5Aq21MN
2 andW5E1MN . l1 andl2 represent

the helicity of the initial proton and antiproton, respectivel

C. Initial state interactions and final state interactions

In principle, both the initialNN̄ and finalpp interactions
influence theoretical predictions. Although the finalp ’s are
quite relativistic in the processpp̄→p1p2, they are corre-
lated in terms of the mesons discussed in Sec. II B, wh
form part of the FSI. This has been pointed out already
Ref. @28#, which, however, does not include tensor meson
.

ch
in
s.

Unlike the nucleon-nucleon force, the nucleon-antinucle
interaction is still not completely understood. Theoretic
predictions are very model dependent, which directly infl
ences the ISI. However, in the present work, fortunately, t
ISI is not very important. Therefore we investigate only on
version of theNN̄ interaction to demonstrate the relativ
importance of the ISI. The initial state interaction is in th
present work taken as theG-parity transformation of the
energy-dependent one-boson-exchange Bonn poten
~based on time-ordered perturbation theory, OBEPT! @22#
plus an imaginary potential derived from a chiral quar
model @8#. The imaginary optical potential is

ImVopt~r !5W0r
2~r !, ~47!

wherer(r ) is theqq̄ annihilation density withr the relative
distance of theN and N̄ centers. The annihilation strength
W0 is treated as a free parameter and is found to be of or
21 to 22 GeV @8#. The form in Eq. ~47! leads to a
r-dependent range for the annihilation, unlike the expone
tial form used in Ref.@7# which has a range of 0.4 fm. De-
spite these differences the results obtained with Eq.~47! are
very similar to the ones obtained with the one in Ref.@7#.

III. RESULTS AND DISCUSSION

A. Predictions by the baryon-exchange diagrams

In this section we would like to show how much the ex
change diagrams can contribute and how important the t
sor coupling of theNDp system is. As usual, vertex func-
tions appear due to the quark substructure of hadrons. T
coupling constants are related togNN̄p with the following
relations as derived in chiral quark models@20,23#:

f NNp
2 5~mp/2MN!2gNNp

2 , f
NN̄p

2
5~mp/2MN!2g

NN̄p

2
,

f NDp
2 5 72

25f NNp
2 , f

N̄Dp

2
5 72

25f N̄Np

2
,

gNN̄p5 1
13gNNp ,

gNNp
2

4p
514.4. ~48!

The half off-shell vertex functions employed here are tho
from Ref. @20#. Those vertex functions depend on the qua
energyE0 and on the cutoffsLk(N), Lk(D), LE(N), and
LE(D). The center-of-mass corrected quark eigenenergyE0
is 1

2MN @20#; the cutoffsL are partially taken from form
factor data@29# and partially fitted topp̄→p1p2. We find
that the data prefer

Lk~N!5Lk~D!, ~49!

LE~N!5LE~D!. ~50!

We find from a comparison with data that the energy cuto
LE , Eq. ~50!, cannot be smaller than the three-momentu
cutoff Lk , Eq. ~49!, if L is in the region 0.522.0 GeV.
Otherwise, predictions for the differential cross section w
be much larger than experimental data if one still uses t
coupling constants mentioned above. TheLE should be al-
ways larger thanLk , d5LE2Lk50.120.3 GeV, depending
slightly on the value ofLk ; see Table I.

In addition to the cutoffsL, Ct is also adjusted to experi-
ments. We find that an energy-dependentCt describes
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present data better than a constantCt . The energy depen-
dence ofCt could be described as

Ct5C01C1* q1C2* q
2, ~51!

whereC0, C1, andC2 are free parameters andq[uqu, with
q as defined in Fig. 1.

TABLE I. Parameters used in the baryon-exchange proces
Fig. 2~a!. The second and third lines are, respectively, for the m
els with and without theNDp tensor coupling.

Lk ~GeV! LE ~GeV! C0 C1 ~GeV21) C2 ~GeV22)

1.04 1.17 -0.50 -0.47 0.43
0.60 0.82 0.0 0.0 0.0
The results for the baryon-exchange diagrams alone@i.e.,
Fig. 2~a!# are presented in Fig. 3. The parameters are given
Table I.

We find, in Fig. 3, that the observed backward enhanc
ment of differential cross sections cannot be understood i
baryon-exchange model without theNDp tensor coupling.
This confirms the findings of Ref.@17#. The baryon-
exchange model with a suitableNDp coupling supports a
reasonably good fit to differential cross sections for low
energypp̄→p1p2 reactions and gives a considerable bac
ward enhancement. The magnitude of theNDp tensor cou-
pling C0 is very similar to the value in the crossed reaction
@18,19#. The baryon exchange model of Refs.@7,28# does not
include theNDp tensor coupling and, hence, considerab
underestimates the backward cross section ofpp̄→p1p2.
This latter feature is not improved by adding the FSI@28#;
see Sec. II C.

s in
od-
d

d
h

s

FIG. 3. Predictions for differential cross sec-
tions in the baryon-exchange diagrams alone an
in the model involving both the baryon-exchange
and meson-pole diagrams. The solid and dashe
lines refer to the baryon-exchange models wit
and without theNDp tensor coupling, respec-
tively. The dash-dotted lines are the prediction
of the full model. The experimental data are from
Ref. @12#.
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FIG. 3. ~Continued)
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The model of Ref.@17# does notexplictly introduce a
NDp tensor coupling, but it is equivalent to a baryon
exchange model withA521 andCt521. Although the
model of Ref.@17# confirms the findingsCtÞ0 and negative,
such extremely largeuCtu is neither supported by our analy
sis nor by the analysis of@18,19#. It has also been found tha
Ct should take negative values@18,19# by an investigation of
the crossed reaction of pion-nucleon scattering. We fi
Ct521/2 in the present work when the initial proton is a
rest, which implies equal strength for scalar and tensor c
plings in theNDp system. The field theory of supersymme

try and supergravity@30# also supportsCt52 1
2 .

The baryon-exchange model considered here with a n
vanishingNDp tensor coupling contributes sizably to th
backward differential cross section ofpp̄→p1p2. But it
fails to reproduce the bump structure at the scattering an
of about 100° for higher energies. In the following, we sho
that the problem can be solved by including meson-pole d
grams.

B. Predictions with both the baryon-exchange
and meson-pole diagrams

In this subsection, we add meson-pole diagrams
baryon-exchange diagrams discussed previously. Like
baryon-exchange process, coupling constants and ve
functions are needed for the verticesMNN̄ andMpp in the
reactionpp̄→M ~meson!→p1p2. However, there are no re-
liable coupling constants and vertex functions; the choice
the authors is quite different.

Vertex functions used for the exchange diagram cannot
used for the pole diagram since the three-momentum of
intermediate meson vanishes for the processpp̄→M→pp
in the center-of-mass system. In fact, we have little know
edge on timelike vertex functions for the pole diagram. W
try to derive our vertex functions from quark models. Bas
upon the predictions of amplitudes for the processes
NN̄→M→M1M2 in the present Lagrangian approach an
-

-

nd
t
u-
-

on-
e

gle
w
ia-

to
the
rtex

by

be
the

l-
e
d
of
d

the 3P0 nonrelativistic quark model@31,32#, one could ex-
tract the forms of theMNN̄ andMpp vertex functions. The
vertex functions are derived as follows for theMpp and
MNN̄ couplings:

FMpp~k!5exp~2ak2!, ~52!

FMNN̄~p!5exp~2bq2!, ~53!

whereq5uqu andk5uku; see Fig. 1. Because of the relatio
k21mp

25q21MN
2 , the two functions in Eqs.~52! and ~53!

are not independent for unconstrained coupling consta
According to the3P0 quark model,a'2b. In the present
work, we seta52 b and adjust the parameterb to experi-
mental data.

The amplitudes in Eqs.~36!2~41! depend only mildly on
the mass of the intermediate meson,

1

4E2M
, ~54!

resulting from the propagators. In the present wo
Ms5650 MeV,M r5770 MeV, andM f2

51270 MeV. The

r and f 2 mesons are the lowest-mass vector and tensor
sons decaying intopp andpp/KK̄, respectively@13#. The
s meson mass parametrizes the FSI in the isoscalar-sc
pp channel, in accordance with Refs.@22,33#. As for the
mass distribution of the mesons, we just replace the ma
above with complex masses involving widths such
M5M01 iG/2. We use3 @13# Gr5150 MeV,Gs5300 MeV,
andG f2

5180 MeV. According to our investigation, the ma
distributions effect final results very little, so that their co
tributions could be safely neglected.

3The decay width of the fictitiouss meson is taken according t
Ref. @33#.



n-
d

rgy

rs

pa-
e

n

It
size

II

e-
d

n-
r

th
g

of

te

ns

if-
ed
nt

Fi-
ts
ar-
in

c

e
ith

54 1449ROLE OF TENSOR MESON POLE ANDD EXCHANGE . . .
We present, in Fig. 3 and Fig. 4, the theoretical pred
tions with both the baryon-exchange diagrams and t
meson-pole diagrams mediated by the scalar, vector, and
sor mesons. The integrated cross sections are well rep
duced forPlab520021600 MeV/c. The plateau between 500
and 800 MeV is also present in our model. The different
cross sections display the main features~backward enhance-
ment for all energies, bump structure for higher energie!
fairly well. The relevant parameters are collected in Table
The values of parameters in the left and right columns a
respectively, for the cases without and with initial state i
teractions.

We find in Table II that the cutoffLk here is very close to
the prediction in a chiral quark model@20,29#, whereLk is
derived from a comparison to axial vector form factor da
@29#. We find LE'Lk within ;10%, which confirms the
findings of Ref.@20#. This energy ‘‘smearing’’ was intro-
duced in Ref.@20# to account for center-of-mass effects i
the energy of the bound three-quark system. There is a s
stantial energy exchange between quarks so that their ac

FIG. 4. Prediction for the integrated cross section as a funct
of Plab. Experimental data from Refs.@12# ~solid circles, LEAR!,
@35# ~circles, CERN!, @36# ~squares, KEK!, and @37# ~triangles,
LEAR!.

TABLE II. Parameters adjusted to experimental data in t
model including both the baryon-exchange and meson-pole d
grams. The second column is for the process without the ISI sho
in Figs. 2~a! and 2~b!, the third for the full model denoted by all the
diagrams in Fig. 2.

Lk ~GeV! 0.77 0.76
LE ~GeV! 0.87 0.86
C0 -0.50 -0.50
C1 ~GeV21) -0.58 -0.55
C2 ~GeV22) 0.48 0.44
b ~GeV22) 2.75 2.70
gf2 0.17 0.16
f f 2 1.23 1.17
gr 0.36 -0.49
f r 0.36 -0.56
gs 0.85 0.89
ic-
he
ten-
ro-

ial

s
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n-
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n
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tual

energy can deviate quite a bit from the single-quark eigene
ergy E05

1
2MN . The energy transfer from the quarks an

antiquarks bound inN and N̄ to the quarks and antiquarks
bound inp6 is substantial and necessitates such an ene
smearing of bound quarks and antiquarks in hadrons.

The tensor strength parameterC0 is very close to other
findings@18,19,30#, while the energy dependence paramete
C1,2 represent our prediction. Our values forb anda defined
in Eqs.~52! and ~53! correspond to a size parameter 0.8 fm
for theMNN̄ vertex and 1.1 fm for theMpp vertex. Note
that these values cannot directly be compared with size
rameters obtained for spacelike form factors, lik
GpNN(q

2). Our values indicate that the annihilation
NN̄→M occurs in a smaller region than the hadronizatio
processM→pp requires. This is reminiscent of the old
‘‘fireball’’ picture for the annihilation process, where the
fireball expands before hadronizing into light mesons.
should also be noted here that the absolute values of the
parameters are averaged values forM5s,r, f 2 with very
different masses involved. The coupling constants in Table
are the values with the initial nucleon~antinucleon! at rest
and the final pions on shell, so that they are related to tim
like vertex functions and not to spacelike form factors an
coupling constants as reported in@19,33,34#. Spacelike and
timelike vertex functions have to be related via analytic co
tinuation, resulting in quite different values, for example, fo
gpNN andgpNN̄ ; see Eq.~48! and Ref.@20#. We find that our
timelike coupling constantsgr , f r , andgs are smaller than
the spacelike values reported in@19,33,34#.

The coupling constantsgs , gf2, and f f2 are stable with
respect to variations of the initial state interaction and wi
respect to different weights attributed to different scatterin
angles~for example, the backward or the forward direction!
or with respect to the selected momentum range~for ex-
ample, the lowest energies or the higher-momentum range
the old CERN data!. According to the3P0 nonrelativistic
quark model, the coupling constantsgf2 should be larger

than thef f2 in the concerned energy range if the intermedia

f 2 in the processpp̄→M ~meson!→p1p2 is a pureqq̄ state
@31#. But in the present work we find thatf f2 is much larger

than gf2. This suggests that there exist strong correlatio

among pureqq̄ states and gluon-rich states with thef 2 quan-
tum numbers in the processpp̄→ f 2→p1p2. Unlike the
gs , gf2, andf f2, thegr and f r are very sensitive to the initial
state interaction and the automatic fitting process. Quite d
ferent magnitudes, even different signs, can be obtain
when one uses different initial state interactions or differe
distributions of fitting weights. However, the ratio of thef r

to gr is always around 1.0 when thef r and gr vary. This
ratio is smaller than the corresponding spacelike values.
nally it should be pointed out that the coupling constan
shown in Table II should be seen to parametrize the scal
isoscalar, vector-isovector, and tensor-isoscalar strength
both thepp andNN̄ channels, without reference to specifi
resonances, liker(770), r8, r9, f 2(1270), f 2(1225),
f 2(2150), etc.
We summarize several points here.
~1! In the theoretical predictions in Figs. 3 and 4, th

baryon-exchange diagrams are dominant for reactions w

ion
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ia-
wn
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the lowest momenta. As the incoming momentum is i
creased, the meson-pole diagrams become more and m
important. The backward enhancement is mostly contribu
by the tensor coupling of theNDp system while the bump
structure for higher momenta is mainly due to the tens
meson-pole diagram, although all the scalar, vector, and t
sor meson-pole diagrams are necessary to reproduce the
served bump structure.

~2! Without the processpp̄→ f 2→p1p2, one could also
get a small bump structure for higher-momentum reactio
although at too large an angle. It will be interesting to s
how spin-3 and spin-4 mesons contribute in theu'100°
region @14#.

~3! The ISI diagrams in Figs. 2~c! and 2~d! contribute
about 20% to the final results. However, after refitting fre
t

o

n-
ore
ed

or
en-
ob-

ns
e

e

parameters to experimental data, one gets almost the s
prediction for both with and without the initial state interac
tion. We conclude from this that the two dominant featur
of this reaction~backward enhancement and bump structu
above 670 MeV/c) cannot be attributed to the ISI.

Our analysis of hadronic diagrams, supplemented w
subhadronic QCD vertex functions, identifies the ma
‘‘problem areas’’ of quark-gluon models in this reaction
The exchanged three-quark system has to be correlated s
that a strongNDp tensor coupling results. In the direct chan
nel the gluonic intermediate statesGGG, GGqq̄, and
Gq2q̄2 must be correlated to form a significant tensor mes
strength in the mass region 1.222.0 GeV. Both features rep-
resent a formidable challenge for nonperturbative qua
gluon models. Work along these lines is in progress.
rt.
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